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PREFACE 


THE EDITORS have had some difficulty in deciding what is the proper 
field to be covered by reviews of recent progress in biophysics. 
Excluding biochemistry on the one hand and physiology on the other, 
there lies between a vast and rather amorphous field of study of which 
the frontiers and lines of demarcation are anything but well defined. 
On the one hand there is the application of the methods of physics 
to the study of the characteristic molecules of life—proteins, nucleo- 
proteins, lipoproteins and other complex molecules of many and 
mostly unexplored varieties, a study which should perhaps be strictly 
regarded as an aspect of biophysical chemistry—hence the sub-title 
of the book. On the other hand there is the application of physical 
methods and instruments to the study and elucidation of living 
structures such as nerve and muscle fibres, a field in which modern 
refinements offer the greatest promise of progress in the future ; 
progress which will perhaps bring its subjects into the first category. 
Both these fields of work are represented in the present volume 
and the editors have endeavoured to maintain a reasonable balance 
between them. 

It has been our aim to obtain readable and interesting reviews of 
recent progress in selected subjects. Our contributors have been 
asked not merely to compile a précis of recent papers, or annotated 
lists of references, but to write critical reviews in which they discuss 
the subjects from their own point of view ; which may be read with 
profit by many who are not experts and which will provide scientists 
with a general survey of recent work and ideas. 

Since it is impossible in a single volume to deal at length with more 
than a few topics, it is intended that this volume will be followed by 
others at regular intervals. In time a more complete coverage of all 
the varied aspects of this rapidly developing branch of science will thus 
be built up. 

One omission from this volume possibly calls for comment viz the 
absence of any article on the use of radioactive isotopes as tracers in 
biology. While we are not unaware of the great potential usefulness 
of this method we felt that the studies which have so far been made 
have been very fully reviewed in other publications and that a further 
review at the present time would be unlikely to contain significant 
new material. We hope that as it develops both the occasion and 
opportunity of including reviews of the progress of this method will 
arise. 

May, 1950 J. A. V. BurLer 
J. T. RANDALL 
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PROPERTIES OF SOLUTIONS OF 
LARGE MOLECULES 


H. Gutfreund 


LARGE molecules or macromolecules are usually defined as molecules 
of molecular weight greater than 10,000. Probably the two most 
important differences between solutions of large molecules and ordinary 
solutions are, first, the magnitude and direction of the deviation from 
the ideal solution laws and secondly, the methods to be employed for 
the study of thermodynamic and kinetic properties of such solutions. 
Only properties of solutions of large molecules of biological origin will 
be discussed here. The study of such systems and especially of solutions 
of physiologically active proteins has become increasingly important 
as more and more enzymes, hormones, respiratory pigments, immuno- 
logical antigens and antibodies and plant and animal viruses have 
been prepared in a highly purified and crystalline form. It is essential 
to obtain detailed information about the molecular constants (size, 
shape, hydration, surface charge and activity) of these substances 
under varied conditions of solution before it is possible to attempt the 
interpretation of the chemical and physical mechanism of the reactions 
which these substances catalyse or which they undergo. 

It is the purpose of the present article to discuss some of the special 
methods applicable to studies on solutions of large molecules and to 
give a theoretical analysis of the data obtained. ‘The resulting infor- 
mation can be divided into three groups : 

1 physical constants of individual molecules 

2 aggregation and disaggregation reactions 

3 the influence of inter- and intramolecular forces on the properties 

of solutions. 

Since the first correct values for the molecular weight of some 
proteins were obtained by Apair (G. S.)! in the years 1920-22, by the 
osmotic pressure method, and somewhat later by SvepBERG from 
ultracentrifugal sedimentation and diffusion measurements, these and 
other methods for the determination of molecular constants of proteins 
have been developed to such an extent that, for homogeneous 
systems, they have become very accurate and almost a routine pro- 
cedure. One cannot, however, emphasize sufficiently often how 
important it is to use many different methods on the same solution 
of macromolecules, as only when good agreement among them is 


I 
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reached, can there be real confidence in results obtained on such 
complicated systems. 

When the stage is reached that the molecular constants of a par- 
ticular protein, or other macromolecular substance, are accurately 
known, further studies on solutions of varied solute concentration, 
solvent composition and temperature can give valuable information 
about intramolecular forces, holding subunits of large molecules 
together, and intermolecular or long range forces causing interaction 
between solute molecules or solute and solvent molecules. 

LARGE MOLECULES 


METHODS FOR STUDYING SOLUTIONS OF 


A large number of methods for the determination of physical constants 
of macromolecules is now in use, and it is worth while enumerating 
all those available, together with the properties upon which they 
depend. 

The molecular weight or size of the solute molecule is the most 
important property and holds a coordinating position among its 
physical constants as all these depend, at least to some extent, on the 
molecular dimensions. This will be seen clearly when the experimental 
methods are listed together with the properties upon which the results 
obtained depend. 

} depend upon the activity of the 


1 Osmotic pressure and membrane ie 
solute, and give the molecular 


potential , 
weight, and charge, in the case 


of membrane potential, in ideal 


~- 


2 Pressure of surface film 
3 Sedimentation equilibrium 


a 


or very dilute solutions. 


} depend upon molecular size 
and frictional properties (shape 
Loth 


these 


4 Sedimentation velocity 


5 Diffusion constant > and solvation) if data from 


methods are available 


Roce 


properties can be evaluated. 


and other hydro- depend upon shape and mole- 


6 Viscosity 


dynamic methods cular volume (solvation). 








Dipole moments and relaxation 
constant 


Electrophoresis 


Scattering of light and x-rays 


depend upon shape and charge 
distribution. 

depends upon surface charge 
and frictional properties, the 
latter to the extent as 
sedimentation and diffusion. 


same 


depends upon molecular size 
and shape. 
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10 Crystallographic unit cell applied to highly ordered sys- 
measurements by x-ray diffrac- tems can give information about 
tion molecular size, shape and 

solvation. 

rr Electron microscope can be used for direct measure- 

ments of molecular dimensions 
in the dry state if these are 


greater than 100 A. 


12 Ultra filtration through graded can give approximate mole- 


membranes cular dimensions. 
13 Chemical analysis depends upon minimum equi- 
valent molecular weight. 
14 Titration curves depend upon charges per mol. 


equivalent. 


The homogeneity of the solute is usually investigated by examination 
in the ultracentrifuge or the electrophoresis apparatus or by solubility 
studies. Careful analysis of diffusion curves also yields information on 
that point. More detailed attention will be given to this problem 
later on. 

It is, of course, impossible to do more than mention most of the 
methods of the above list. The choice of those described in some 
detail in the following sections (osmotic pressure, diffusion and ultra- 
centrifugal sedimentation measurements) may appear somewhat arbi- 
trary but studies with these techniques have supplied us with the bulk 
of the reliable constants of large molecules of biological origin. Results 
of osmotic pressure measurements also give data for the free energy of 
the solution which already allow some interesting thermodynamic 
interpretations and promise more detailed information about the 
structure of solutions and intermolecular forces. The osmotic pressure 
procedure has many advantages over any of the other methods yielding 
thermodynamic information as it is technically much simpler than 
light scattering or sedimentation equilibrium measurements and con- 
siderably more accurate than vapour pressure or freezing point 
determinations. As for the measurements of surface film pressures, 
these are only strictly applicable if adsorption is reversible and this is 
not the case for most proteins, which are the most important com- 
pounds among large molecules of biologicai origin. It should however 
be added that the light scattering technique, which is in a very active 
stage of development, both as regards experimental procedure and 
theoretical interpretation, promises to be very useful. This method 
can give data on solutions of particles of much greater molecular 
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weight (44> 1,000,000) than could be studied usefully by osmotic 
pressure, furthermore it is almost independent of the distribution of 
small electrolytes. It can also be used to determine rates of changes, 
such as disaggregation or aggregation phenomena taking place in 
solution, as it gives instantaneous results. A number of reviews on 
this subject have recently been published and references to these, as 
well as to original papers on the lines mentioned above, can be found 
in OsTER’s article’. 
OSMOTIC PRESSURE OF SOLUTIONS 

In a system where the solvent is separated from a solution by a 
membrane which is permeable to the solvent but not permeable to the 
solute, the osmotic pressure is defined as the pressure to be applied to 
a solution to bring it into equilibrium with the pure solvent. At 
constant pressure the partial molar free energy of the pure solvent is 
greater than that of the solvent in the solution, and the excess pressure 
(osmotic pressure) needed to equalize the partial molar free energy of 
the solvent in the two phases is a measure of the free energy of dilution: 

1.€. éG éPV, yet 

The osmotic pressure equation for a binary mixture composed of 
solvent and solute, can be derived as follows : n, is the number of 
mol of solvent and n, the number of mol of solute. 
The partial free energy of dilution of the solvent is 

AG, = @AG/én, 


The partial heat of dilution of the solvent is 


ho 


4H, = eAH/én, ieee 
The partial entropy of dilution of the solvent is 
AS, = aAS/én, 
The partial molar volume of the solvent is 
V, eV jen, vee AG) 
where V is the volume of the solution. These equations can be 
inserted in 
AG, AH, TAS, oa ae 


A solution is called ideal or perfect if the partial molar free energy of 

the solvent, and with that the osmotic pressure and vapour pressure, 

is proportional to the mol fraction NV, of the olvent over the whole 
range of concentrations from V, = 1 to V, = 0, where 

f / ’ aa % 

N, Ny/\Ny T Ng) coer) 

There is no heat or volume change on dilution of an ideal solution: 

1.€. 4H =0 er 

A4V,=V,—V,=0 van cee 
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where JV, is the volume of one mol of pure solvent. It follows therefore 
that the partial molar free energy of dilution of an ideal solution is 


4G, = — TAS, ....(10) 


It can be shown by statistical mechanics that for a regular solution 


the partial molar entropy of dilution of the solvent 


AS, -Rin N, 11) 
The derivation of equation 11 and definition of the term regular 
solution will be found in a later section. It follows from equations 
10 and 11 that 

AG RT in N 12 


I 

and from equations 1 and 12 that the osmotic pressure 
Pp DT IT D on \ 

in very dilute solutions 


In NV 


and equations 13 and 14 give 


, In (1 No N n,/n, 14) 


P RTn,/n,} 
and if ae V then P RTn,/} 16) 
Equation 16 which is only valid for extremely dilute solutions 


identical with van’t Hoff’s osmotic pressure equation, but it is derived 
from thermodynamic principles and not from the misleading analogy 
of ‘ gas pressure’ soundly criticized by KENDALL‘ and GuGGENHEIM® 
(see also Donnan® for a discussion of various derivations of the osmotic 
pressure equation). Kendall emphasizes that all the components of 
a liquid solution are in the liquid state, and 1t would therefore be very 
difficult to obtain correct expressions from kinetic theory, especially 
for deviations from the ideal laws. It must be possible to formulate 
a kinetic picture of osmotic pressure, but as long as there is no cer- 
tainty about the correct physical mechanism of a process it is clearly 
more logical to use a derivation which makes no assumptions about it. 
The arguments about a suitable model for the kinetic process causing 
osmotic pressure may go on for a long time, but the results derived 
from thermodynamic reasoning present an indisputable answer. This 
clearly shows the advantages and disadvantages of thermodynamic 
methods in general ; accurate results can be obtained without the use 
of any assumptions about the mechanism of a process but no infor- 
mation about physical occurrences is given. 

As osmotic pressure is a measure of the free energy of dilution (see 
equations 1 and 12) and the free energy is the sum of the negative 
entropy and the heat change, deviations from the ideal osmotic 
pressure law can be due to anomalous entropy changes and/or due to 


5 
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heat of interaction. ‘The causes:of the deviations from the ideal 
solution laws will be discussed later on. Before such an examination 
can be carried out, the ideal properties of the particular solution 
under investigation must first.be ascertained. The molecular weight 
of the macromolecular solute can be evaluated from the results of 
osmotic pressure measurements, if these are carried out on solutions 
over a range of solute concentrations (C in gm of solute per litre of 
solvent) and P/C is plotted against C. From the extrapolated value 
for P/C at C =.o0 correct values for the solute molecular weight can be 
calculated from equation .16. 
P = RTn,/V = RTC/M 

Hence 

M = RTC/P are fie) 
It has previously been stated that very dilute solutions behave as ideal 
solutions. Once the molecular weight. of the solute has been deter- 
mined accurately the magnitude of the deviation of the partial molar 
free energy of mixing from the ideal-entropy of mixing can be cal- 
culated from the experimental data. It will be seen that much useful 
information about the structure of solutions and properties of large 
molecules, besides molecular weight data, can be obtained from 
osmotic pressure measurements. 

The Donnan equilibrium— ‘The above treatment of osmotic pressure 
only considered solutions of molecules of zero overall surface charge, 
no matter whether they contain no charged groups or an equal 
number of positive and negative groups. ‘The osmotic pressure of 
charged macromolecules is the sum of the colloid osmotic pressure and 
the osmotic pressure due to the unequal distribution of transferable 
ions, Which will occur in such systems. 

The following derivation for the distribution of ions across a mem- 
brane separating a solution of protein in dilute hydrochloric acid from 
its dialysate will give a suitable demonstration. If a large volume of 
dialysate is used its composition is constant and 

[H+ Jiu = [Cl-Jo, 
The following two conditions enable one to set up equations which 
describe the distributon of ions across the membrane. Electric 
neutrality in the solutions requires that if the molarity of the protein 
is m and the charge valence <+, the concentration of [Cl~],,, ions 
in the solution 
(Cl-];,, = m+ + [Ht]g,, 

The second, the Gibbs-Donnan equilibrium distribution, requires that 
the products of the diffusible ion concentrations on both sides of 
the membrane are equal. At equtlibrium the transfer of én sodium 
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and chloride ions from one side of the system to the other, at constant 
temperature and volume, should cause no free energy change. No 
electrical work is being done as an equal number of positive and 
negative ions are being transferred, hence 


OnRT I|n [HI su + OnRT |n [Cl Js01 a 
Lon ‘cr, 


Hence 
[H* Js x [Cl-]s. = [At Joie * [Cl] via 
To simplify the writing let us take 
[Cl-ly,=y  [H+]g, =< 


and 
|H j i Dial [Cl | Dial a 
Then 
y r+ MK 18) 
and 
x xy a* . (19) 


from equations 18 and 14Q it follows that 
a f/x(me + x 20) 
and the ion concentration difference 
A x+y — 2a 
oa a 5) Pd 
mK + 2x 2 /x(mk& + x 21 
The sum of the colloid osmotic pressure P, and the pressure P, due 
to excess electrolytes 
> > > ¢ oa » » ‘ > > 
Pp r, +f, mRT + (mx +- 2x 2 Yx(me + x))R7 
If a solution of colloidal electrolytes is dialysed against pure water 


a 0 X 0 y MK 


the osmotic pressure is dependent on the colloid charge concentration 

P=mK + 1)RT ret 
The partial pressure due to the Donnan effect can be reduced by 
increasing the diffusible ion concentration. If equation 21 is used 
together with the expression 

t= 4 mK + /(mx)? +- 4a? 

obtained from equations 18 and 19, it can be shown that 4 decreases 
as a/m< increases. If the composition of the dialysate, and with that 
a, is known, the value for x can be determined electrometrically or 
from chemical analysis. From these data and the above equations the 
excess ion pressure P; and the charge valence < of the colloid can be 
calculated. The suppression of the Donnan effect through increase of 
the concentration of small ions is of great value for the measurement 
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of properties of solutions of colloidal electrolytes. The osmotic pressure 
effects due to the unequal distribution of small electrolytes can be 
much greater than the actual colloid osmotic pressure. These phe- 
nomena are of importance in the interpretation of thermodynamic 
equilibria in biological systems and also in the stability of some g's 
in vitro. 

The present discussion neglects corrections by means of activity 
coefficients but it is sufficiently accurate for the understanding of the 
phenomena to be described later on. Guggenheim and more recently 
Ocston® criticized the use of electrometric methods for the determina- 
tion of membrane potentials on thermodynamic grounds. ‘This may 
invalidate the accurate quantitative interpretation of the data but 
does not detract from the practical importance of the influence of 
‘Donnan effects ’ on the properties of solutions of colloidal electrolytes. 


ULTRACENTRIFUGAL SEDIMENTATION 
The sedimentation velocity of a particle in a centrifugal field depends 
upon the gravitational force acting on the particle 
a) Pp . p wx 
and upon the frictional resistance, which, according to Stokes’ law for 
solid spherical particles in very dilute solutions, is 
Gary. dx/dt 
Steady rate of sedimentation is reached when the centrifugal force is 
equal to the frictional resistance. The centrifugal force per mol is 
M(1 Vp wx 
and the frictional resistance per mol (take 6arn = F) 
NF. dx/dt 
and if 
M(1 — Vp) w?x = NF. dx/dt 
dx/dt M(1 — Vp 
wx = =0 NF 

The sedimentation constant S is usually expressed in Svedberg units : 
10-13 cm/sec/dyne. It can be calculated from the measurements of 
movements of the sedimenting boundary. The symbols used in the 
above expressions are defined as : 


-o oe 8) 


¢ = volume of one particle r = radius of particles 
p, = density of particles 7 = viscosity of medium 
p = density of medium dx/dt = velocity of particle 
w = angular velocity of M = molecular weight of particle 
centrifuge V = partial specific volume of 
x = distance from centre of particle 
rotation N = Avogadro’s number 
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Diffusion— The discussion of diffusion velocity will be limited here 
to the treatment of particles which are either uncharged or accompanied 
by sufficiently high concentrations of small electrolytes so that the large 
molecules behave as uncharged particles. 

The diffusion constant D is defined by Fick’s law, which states that 
the quantity of substance diffusing across a boundary of unit area in 
unit time is equal to the product of D times the concentration gradient 

q = — D.de/dx ee 

This equation can be used for the practical evaluation of D if an 
analytical procedure is used to determine the amount of solute diffusing 
across a solvent/solution boundary. 

Often it is very useful, fora detailed analysis of diffusion phenomena, 
to obtain the data in the form of a plot of the concentration gradient 
against distance across the boundary. In the ideal case this plot will 
be in the form of a Gaussian probability curve, as has been shown by 
WIENER’ in 1893. Wiener has also demonstrated optical methods for 
observing boundaries and recording distribution curves. The second 
moment (or the square of the standard deviation) of such probability 
curves correspond to 4?, the mean square displacement in EINsTEIN’s® 
diffusion equation 

D A?/2t ae 


j 


wy 


Expressions 24 and 25 can be used for the determination of diffusion 
constants from experimental data. It remains now to show some 
relation between the diffusion constant and the properties of the 
particles in solution. The force exerted by the molecules diffusing 
across a boundary of concentration gradient dc/dx can be expressed as 
an osmotic force. The force f exerted by one particle in a very 
dilute solution is given by 

ita RT de (26) 
; cN dx 


The frictional force F.dx/dt will govern the rate of steady diffusion 


dx RT de } 


di cN de F a7) 
It can be seen from equation 24 that 
=o. «ff .... (28) 
and from equations 27 and 28 it follows that 
D = RT/NF ee 


These derivations are applicable only to solutions of slowly diffusing 
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substances, where the height of the solvent and solution columns can 


be regarded as infinite. 
CALCULATION OF MOLECULAR WEIGHT AND FRICTIONAL RATIO 
The molecular weight of large molecules can be calculated from 
equation 30, which is derived from 29 and 23 

M = RTS/D(1 Vp) ...+(30) 
The effect of frictional resistance is eliminated in the above expression, 
but nevertheless it is only applicable to results of measurements on 
very dilute solutions. The procedure to obtain accurate values for 
molecular weights from sedimentation and diffusion measurements 1s 
analogous to that followed in the case of osmotic pressure. A series 
of measurements of D and S over a range of solute concentrations must 
be carried out and values obtained from extrapolations to zero con- 
centration should be used for the calculation of M. 

As already mentioned, Stokes’ empirical law states that the frictional 
resistance offered to a spherical particle of radius r moving in a medium 
of viscosity » at a velocity dx/dt is 6Oxrndx/dt (or F.dxidt). If the 
sedimenting or diffusing molecules are solvated, / will be increased as 
it will correspond to the radius of the solvated molecules. If the 
molecules are asymmetric F will also be increased as it will correspond 
to the radius of the spherical volume swept by the rotating molecules. 
Much use is being made of the term frictional ratio | //f,) in the 
descriptions of properties of large molecules in solution. This is the 
ratio of the frictional force acting on the actual particle in solution 
to the force acting on a non-solvated sphere of the same molecular 
If the molecular weight of a substance is calculated from the 


weight. 
and S, the diffusion and sedimentation 


experimental values for D 
constants D, and S, of solid spherical particles of the same molecular 


weight can be derived. It can be seen readily that 
fi) D/JD 5 iS ee 


Unfortunately in many discussions of the shape of protein molecules 
the effect of solvation on the frictional ratio has been neglected and 
absurdly high values for the axial ratio a/b are sometimes recorded in 
the literature. Generally proteins and other large molecules are 
divided into two groups : globular and fibrous, though some have the 
shape of rigid rods and few of the so called globular ones are really 
spherical. As it is difficult to determine either shape or hydration 
independently of each other, information about these two properties 
is therefore still somewhat scanty. ONcLEY® prepared some very 
valuable graphs showing the simultaneous influence of hydration and 
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asymmetry on the frictional ratio and the viscosity coefficient. It 1s 
of some interest to note that a spherical particle with a solvation of 
0-3 gm per gram of dry solute has the same frictional properties as an 
unsolvated particle of axial ratio a/b about 3-3. It will be seen later 
on, when the constants of some well defined proteins are being dis- 
cussed, that the hydration of some of the globular ones is about 0-3 gm 
of water per gram of protein. x-ray diffraction and light scattering 
data promise to give independent information on the shape, and it 
will be seen that the combined data obtained for some proteins agree 
well with the frictional ratio. The method of measuring streaming 
birefringence developed by Epsati! also gives independent infor- 
mation about the shape of large molecules in solutions. 


HOMOGENEITY OF PROTEINS 
Proteins are the only macromolecular substances which are anything 
like homogeneous and this section will therefore be devoted solely to 
them. SvEDBERG’s studies in the ultracentrifuge, which enabled him 
to observe moving boundaries in centrifugal fields equivalent to about 
300,000 times gravity, showed that proteins are molecular entities and 
probably monodisperse or very nearly so. 

A survey of the current literature shows that ultracentrifugal sedi- 
mentation, electrophoresis and solubility studies are the most common 
criteria for homogeneity employed for the examination of samples of 
proteins. The concentration gradient distribution curves, obtained if 
one of the refractive index methods is used for the observation of 
diffusion, can also give some information on the homogeneity of the 
diffusing solute. The experimentally observed diffusion curve is super- 
imposed over an ideal Gaussian distribution curve with the same 
second moment ; if the solute is homogeneous with respect to diffusion 
velocity, the two curves are identical. 

When a solvent/solute boundary moving in an electric or gravi- 
tational field is studied, it is possible to get one of three results 

r one homogeneou. boundary, the spread being due to diffusion only 

2 several individual boundaries 

3 one boundary which is spreading more rapidly than can be 

accounted for by diffusion. 
It is evident that a careful examination of the homogeneity of a 
protein sample by one of the moving boundary methods requires also 
an accurate knowledge of the rate of diffusion. 

As each of the methods mentioned above will only test for homo- 
geneity with respect to one property, it is essential to have satisfactory 
results from all of them before it can be accepted that a sample is 
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really homogeneous. When SvepserG and Tisevtus developed the 
moving boundary methods of observing sedimentation and electro- 
phoresis, respectively, it became fairly widely accepted, for a time, that 
the appearance of a single boundary on examination of a sample with 
either of these techniques, was sufficient for it to qualify as homogeneous. 
During the last few years however, more rigorous tests were applied to 
many of the purified or even crystalline proteins, and at the moment 
a wave of scepticism is flowing through the literature as one by one 
they are being found to be heterogeneous. 

Examples are known in which electrophoresis did not show impurities 
in protein samples which could be detected in the ultracentrifuge or 
from solubility studies. In spite of this, conscientious electrophoretic 
examination in solutions of varied pH is probably the most sensitive 
single test available for homogeneity. The electrophoretic investiga- 
tions followed two lines. The control of fractionation procedures by 
examination in the Tisclius apparatus at each stage ; this has been 
applied mainly to those proteins which could be shown to resolve into 
separate boundaries during migration in the electric field. ALBERTY"?, 
who followed another line, namely the study of boundary spreading, 
writes 

The usual criterion for the electrophoretic homogeneity of a protein is that it 
migrates as a single boundary in an electric field in buffers of various ionic 
strengths and hydrogen concentrations. However, this alone is not sufficient 
evidence that all the protein molecules have the same electrophoretic mobility 
and further evidence regarding the electrophoretic homogeneity may be obtained 
by studying the rate with which the protein gradient spreads in the electric field. 

Alberty describes a method for determining the standard deviation 
from the mean mobility and ANDERSON and ALBERTY!? applied this 
procedure to fourteen purified proteins, seven of them crystalline. 
None of the preparations satisfied their criteria for purity. There are 
of course quite a number of physical phenomena which can give rise 
to excessive boundary spreading during electrophoresis, but it has been 
pointed out by Ocsron!* that no other known phenomenon besides 
heterogeneity will cause uniform reversible spreading of both the 
ascending and descending boundary. This criterion has been em- 
ployed by Alberty and his collaborators. It can readily be shown 
that the difference of one valence is sufficient to cause resolution into 
two boundaries ; a very good demonstration of this can be given if a 
mixture of haemoglobin and oxyhaemoglobin or other reduced and 
oxygenated haem proteins is examined. It would therefore not be 
surprising if all the proteins which are shown to be heterogeneous from 
boundary spreading could be resolved into separate fractions at a 
suitable pH. 

The homogeneity of well defined crystalline proteins is only just 
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beginning to be investigated. It remains to be seen whether proteins 
are essentially heterogeneous or whether further fractionation will give 
products which satisfy our criteria for purity. It is quite possible that 
the instability of proteins causes the observed heterogeneities and the 
very sensitive electrophoretic test described above, as well as further 
theoretical investigations may result in the discovery of physical 
phenomena for the observed spreading. Just because it has been 
shown e.g. in serum albumin and ovalbumin, that even crystalline 
proteins could be subjected to further fractionation, one cannot hope 
to improve all the proteins by this procedure. That instability is the 
cause of heterogeneity at least in some proteins has been shown by 
MacPHERSON, Moore and Loncswortu!’, 

This description of the problem of the homogeneity of proteins gives 
only a rough outline of a not very satisfactory state of affairs. Fortu- 
nately from the point of view of most physical examinations, there are 
a series of proteins which can justifiably be interpreted as homogeneous 
systems in solution. In an analysis of homogeneity with respect to 
size a sense of proportion must be kept between the accuracy of the 
methods involved and the heterogeneities encountered. This particular 
criterion of size is however more applicable in the case of industrial 
high polymers and polysaccharides which are known to be heteroge- 
neous with respect to size and in which the size distribution is of great 
interest. 

The mean values obtained from molecular weight measurements on 
heterogeneous systems depend of course, on the method used. Of the 
two methods which produced most of the data discussed in the following 
sections, Osmotic pressure measurements give the number average 
molecular weight, 
=Min; 


Tn 


hand Fh 


M, 


and combined diffusion and sedimentation constant give the weight 
average molecular weight 
=M.g =M?2.n 
t ' 


_ a 


So 
Comparison of the two average values obtained gives a measure of the 


=~) 
Ss) 


Si 


molecular weight distribution. HERDAN’s!* recent note describes how 
the standard deviation from the mean molecular weight can be 
derived directly from the above two equations 32 and 33. 


EXPERIMENTAL METHODS AND THEIR ACCURACY 
Apparatus will not be described in any detail but reference ought to 


be made to sources where a full working knowledge of the various 
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procedures for measuring osmotic pressures, diffusion constants and 
sedimentation constants can be obtained. The development of 
methods for the accurate measurements of osmotic pressures of solutions 
of large molecules is mainly due to Aparir, whose various types of 
osmometers are described in a recent textbook!® and to OAKLEy?’. 
Many modifications have been made by various workers and one or 
two different types have also been developed ; reference to them will 
be found in ALEXANDER and JouHNson’s book!*®. Attention should be 
drawn to the recent development of an osmotic balance by SVEDBERG 
and JULLANDER'’. ‘Though very elaborate, the osmotic balance is 
much more accurate than any of the other methods for measuring the 
osmotic pressure and promises to be very useful in the study of high 
molecular weight or very dilute systems. 

Most of the cells for diffusion measurements are described by 
Alexander and Johnson. A very valuable new contribution has been 
made by Coutson, Cox, Ocston and Puitpotr!® who developed a 
new optical system and cell which enables one to measure diffusion 
constants much more rapidly, on more dilute solutions and with 
greater accuracy than has hitherto been possible. An optical system 
similar to theirs has also been described by KEGELEs and Gostinc”?’ 
and tested experimentally by LoncswortuH?!. 

Three types of ultracentrifuges are in use, oil turbine, air turbine 
and electrically driven ones. ‘Though some more recent models have 
been constructed with certain modifications, the descriptions given in 
SVEDBERG and PEDERSEN’s book®? are quite adequate. 

The accuracy of the results of osmotic pressure measurements 
depends on the error involved in measuring the solute concentration 
and the pressure. The former can always be estimated with a maxi- 
mum error of + 1 per cent. If suitable methods are being employed 
the osmotic pressure can be determined with the same accuracy. 
With the simplest osmometers the pressure can be measured to + 0-1 
cm of water and with refined osmometers and a cathetometer the 
pressure can be measured to + 0-01 cm. The osmotic balance should 
be able to measure to + 0-001 cm and can therefore be used to 
determine pressures of about o-1 cm with sufficient accuracy. Unfor- 
tunately it is difficult to obtain such precision in measurements on 
protein solutions, for besides the difficulties always encountered in 
solutions of colloidal electrolytes, instability of these substances as well 
as the tendency to adsorb irreversibly on to the membranes, can cause 
considerable disturbance of osmotic equilibria. 

The accuracy of the measurement of sedimentation constants has 
been fully discussed in a recent paper by Ceci, and Ocsron*’, They 
point out that most of the errors in published data are due to faulty 
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speed and temperature measurements. The very valuable and 
thorough investigations of Cecil and Ogston are worthy of the most 
careful study by anybody who intends to determine sedimentation 
constants. Neither sedimentation nor diffusion constants should be 
published unless the standard deviation from the mean of a fair 
number of measurements is not more than one per cent. As will be 
seen in the following section it takes a large number of years to dis- 
place wrong data which have found their place in the tables of text- 
books. Both sedimentation and diffusion constants should always be 
measured over a range of concentrations and extrapolated to zero 
concentration. The convention of quoting D,, and Sy, as extrapolated 
diffusion and sedimentation constant in water at 20°C should be 
adhered to. It will be shown in the following section that really 
careful evaluation of constants, even in such labile systems as solutions 
of proteins, are rewarded by reliable results. That is, under such 
circumstances molecular constants obtained from methods involving 
entirely independent experimental procedure and theoretical bases are 
in close agreement. 


MOLECULAR CONSTANTS OF SOME PROTEINS 


It would be of little value to reproduce the long lists of proteins and 
their physical constants which have been published in textbooks such 
as SVEDBERG and PEDERSEN??, ScHmMipT?* and CouHN and EDSALL?°, 
Neither is it the purpose of the present section to collect data which 
are the result of single investigations on newly isolated or not previously 
examined proteins ; information about this latter group is contained 
in the articles on proteins and amino-acids in the Annual Review of 
Biochemistry. It is thought to be more important within the scope of 
this article, to consider the constants of a few crystalline proteins 
which have been studied by several workers by a number of different 
methods. The pioneer work of Svedberg and his collaborators con- 
tributed a very large amount of useful information during the first 
two decades of the life of the ultracentrifuge. The time has now come, 
however, when very much more accurate results of measurements in 
solutions are needed in conjunction with chemical and crystallo- 
graphic data, to help in elucidating the structure of proteins or the 
mechanisms of their functions. 

The theory of Svedberg that the molecular weights of proteins are 
multiples of 17,000 fits some of the respiratory proteins, but it has been 
shown by chemical analysis and end group assay that the subunits in 
various haemoglobins and myoglobins differ in their chemical com- 
position?®, and the theory of fixed multiple molecular weights does not 
appear to be significant even for this group of proteins. JOHNSTON, 
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Loncuet-Hiccins and Ocstron?’? have shown the scheme to be un- 
tenable for all proteins on statistical grounds, even using the table of 
data published by Svedberg and Pedersen. More up to date values 
for some of the molecular weights produce an even more marked 
spread of the groups of values. 

Most of the information made use of during the discussion in this 
and the following sections was obtained from osmotic pressure, diffusion 
and sedimentation measurements. For some proteins very accurate 
information about the molecular weights and dimensions are available 
from x-ray diffraction measurements on single crystals and we shall 
make use of some data obtained from such investigations. A recent 
statement” that ‘ the presence of impurities can give rise to completely 
erroneous results if x-ray analysis is used for the estimation of molecular 
weight or dimensions’ needs a considerable amount of qualification. 
If the impurity remains amorphous during crystallization of the main 
component (this is the most probable thing to happen) measurements 
on the crystals of the latter will not be affected at all by the presence 
of the former. Mixed crystals can always be detected by a competent 
observer, and for the formation of single crystals containing both main 
component and impurity in a crystalline form, the two proteins would 
have to be so much alike as not to affect the measurements. It is 
worth noting in this connection that even such related proteins as 
adult and foetal haemoglobin will not crystallize together®®. It is 
very likely that crystallographic methods can yield more accurate data 
about the dimensions of protein molecules than any other procedure. 

Haemoglobin— Certainly no other protein has been studied as exten- 
sively as haemoglobin by all the physical methods available. The 
reason for this, besides its physiological importance, is the ease with 
which large quantities of this protein can be prepared in fairly pure 
and crystalline form. 

Apair (G. S.)! * carried out a number of investigations on the 
osmotic pressure of solutions of haemoglobin from various sources and 
found that for all those examined the molecular weight was about 
67,000. GuTFREUND*! has included more recent measurements in a 
summary of all the molecular weight data from osmotic pressure in- 
vestigations on mammalian haemoglobins and pointed out that for all 
those investigated in any detail the molecular weight, shape and 
hydration, are the same within the limits of the experimental accuracy. 
They differ however, in many of their other properties (surface charge, 
solubility, physiological activity and chemical composition). Shortly 
after Adair’s osmotic pressure measurements gave the first correct 
results for the molecular weight of haemglobin, confirmation of 
his findings was obtained by SvepBerG and FAunragus*? during 
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investigations with the ultracentrifuge. The iron content of haemo- 
globin (0-34 per cent) gave a very precise estimate of the minimum 
molecular weight (16,700) (for a summary see Conn, HENDREY and 
PRENTIsS3*) and so even after the early work of Adair and Svedberg 
it could be accepted that the molecular weight was 4 x 16,700 =66,700 
and was accurately known. This fact made haemoglobin a very useful 
model for the study of thermodynamic and kinetic properties of protein 
solutions. These will concern us more in a later section, but during 
the osmotic investigations of Adair and others*®, 3! the value of 67,000 
for the molecular weight of many mammalian haemoglobins was 
confirmed whenever extrapolation to zero concentration was used to 
demonstrate the behaviour of ideal solutions of these proteins. Horse, 
human and sheep haemoglobins have been studied by crystallographic 
methods” and the values for the molecular weight obtained were in 
excellent agreement with that given above. 

Unfortunately the published results of sedimentation and diffusion 
measurements on haemoglobins are not nearly as reliable and com- 
prehensive as the osmotic work. This is probably due to the fact that 
there has been no real doubt about the accurate value for the molecular 
weight of haemoglobin since 1926, while the repeated and more 
accurate investigations of sedimentation and diffusion constants which 
were carried out on other proteins were calied for by continuous 
arguments over the various values calculated for the molecular weights. 
SVEDBERG and FAHRAEwus’s®? figure of 67,000 for the molecular weight 
of horse CO-haemoglobin was calculated from sedimentation equili- 
brium measurements. This method has great theoretical advantages 
over both osmotic pressure or sedimentation and diffusion measure- 
ments as it can give simultaneous information about homogeneity, 
molecular weight and weight distribution. Furthermore, it gives 
information about the solvent activity over a range of concentrations 
during one experiment, and is based on thermodynamic theory. No 
description of this method has been given in this article, since due to 
great practical difficulties the accuracy of results obtained so far 
compares unfavourably with that of osmotic pressure or sedimentation 
and diffusion measurements. The first sedimentation velocity measure- 
ments on horse haemoglobin were carried out by SveDBERG and 
Nicuors**, This investigation is of great historical interest, but the 
optical, temperature and speed measurements used could not yield data 
which satisfy the demands on precision made today. Furthermore the 
invaluable practice of quoting figures for Dj, and $,, corrected to 
diffusion and sedimentation in water at 20°C only came into use 
fairly recently, and it is difficult to compare some of the older values. 
The only figures for sedimentation constants of haemoglobins quoted 
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in the tables of SvEDBERG and PEDERSEN? are unpublished observa- 


tions on horse and human haemoglobins. The sedimentation constant 
is stated to be the same for both proteins Jog=—4°4 X10 13 cm/sec 


Cecil and Gutfreund examined samples of horse, sheep and human 


haemoglobin in the ultra trifuge and concluded that eir sedi 
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investigations. ‘The evidence about the dissociation of haemoglobin in 


solution Is, however, at present somewhat contusing. Chere is some 
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of the constants was undertaken when the crystallographic studies of 
KENDREW*® began to show interesting results. The same preparation 
as that examined by Kendrew was used for osmotic pressure measure- 
ments. The mean molecular weight calculated from several 
measurements was 19,000. This value is certainly an upper limit as 
small amounts of a heavier impurity were always found on ultra- 
centrifugal examination. Slight leakages through the osmometer 
membrane, which occur very easily with such small protein molecules, 
would also cause a reduction in pressure, resulting in a too high value 
for the molecular weight. We therefore take the molecular weight to 
be 17,000, as the iron analysis will give the most accurate estimate. A 
careful examination of a 0-6 per cent solution in the ultracentrifuge 
gave a sedimentation constant of 2:2 x 10718 cm/sec. As previously 
stated, for an accurate evaluation of constants, measurements over a 
range of concentrations should be carried out. It is justifiable, however, 
to assume that this value is accurate to + o-1 x 10715. Taking into 
consideration various previous values for the sedimentation constant 
summarized by Wyman and Ingalls a mean value of S3)=2°1 x 107% 
cm/sec is used here for the calculation of the frictional ratio and 
possible values for the shape and hydration of myoglobin molecules. 
Assuming the value of 0-74 for the partial specific volume (THEORELL*®) 
the frictional ratio f/f, calculated from M=17,000 and S=2'1 x 107" 
is equal to 1:05. If the myoglobin molecule is completely spherical 
this value for the frictional ratio would indicate a hydration of 0-15 gm 
of water per gram of protein. As this is very near the minimum of a 
likely value for the hydration, molecules of this protein do not appear 
to differ greatly from the spherical shape. If the axial ratio of 
myoglobin were the same as that of haemoglobin, a/b 1°7, the 
hydration would be about 0-08 gm of water per gram of protein. As 
there is only one free amino group, apart from the «-amino groups of 
lysine, corresponding possibly only to one polypeptide chain in the 
myoglobin molecule (PorTER and SANGER*®) it was thought possible 
that an asymmetric structure would result. This does not appear to 
be so, at least in solutions. 

Ovalbumin— It is interesting to note that Herzoc*’ obtained a value 
of 7°54 x 1077 sq cm/sec for the diffusion constant of ovalbumin in 
1905. This was probably the first measurement to give a good estimate 
for the molecular weight of a protein. Since that time a large number 
of physical investigations on solutions of crystalline preparations of 
ovalbumin were carried out. Though some of the early osmotic 
pressure and sedimentation equilibrium measurements gave a value 
of 36,000 for the molecular weight it has been pointed out in a recent 
note (GUTFREUND**) that several recent osmotic pressure investigations 
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give results which show that the molecular weight of ovalbumin is 
45,000-46,000. There is good agreement among the values quoted for 
the sedimentation constant of this protein® §,, = 3:5 x 1071 cm/sec. 
The Aparrs (G. E. and M. E.)** point out that the hydration of 
ovalbumin is at least 0-32 gm of water per gram of protein and that 
the molecules are nearly spherical. The frictional ratio, f/f, = 1°5, 
is the same as that for haemoglobin. 

It has already been mentioned in the section dealing with the 
homogeneity of proteins, that ovalbumin preparations are unstable 
and become electrophoretically heterogeneous if stored for any length 
of time. These changes do not appear to affect the homogeneity with 
respect to size, at least as far as could be observed by methods so far 
applied to its study. For the three recent osmotic pressure studies 
reviewed by GutrreuND* ovalbumin prepared by different methods 
and of different ages were used and gave results in very good accord. 

Serum albumin— Crystalline serum albumin from three different 
sources has been used extensively for physical investigations. In 
historical order of the investigations these are probably horse, human 
and bovine. The horse serum albumin investigations were carried 
out in connection with serological work. Human serum albumin was 
prepared in large quantities during the war, particularly in U.S.A., as 
it was found to be a more stable product than whole serum or plasma 
and was therefore advantageous for transfusion purposes. Bovine 
serum albumin was also prepared in large quantities during the war, 
mainly by Armour Laboratories in Chicago, and has since been used 
for a number of different physical investigations. In fact it has become 
together with haemoglobin one of the most useful models for the 
investigation of protein solutions and in the last section of this article 
the thermodynamic analysis of the osmotic pressure of solutions of 
these two proteins will be attempted. A large number of different 
methods of preparation have been used and electrophoretic analysis 
has shown differences between these. There is however, no evidence 
that any definite distinction could be made from molecular weight, 
sedimentation or diffusion data. 

Apair (G. S.) and Rosrinson®® and Kexwick®*! calculated the 
molecular weight of horse serum albumin from osmotic pressure and 
sedimentation and diffusion measurements respectively, and both got 
the value of 70,000 (Kekwick’s data were D,, = 6:1 x 1077 sq cm/sec 
and S$ , = 4°48 x 10718 cm/sec). ScaATCHARD, BATCHELDER and 
Brown®? examined human serum albumin by the osmotic pressure 
method and calculated a molecular weight of 69,000. The same 
figure was obtained for the molecular weight of bovine serum albumin 
from the very thorough osmotic pressure measurements of SCATCHARD, 
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from studies of its behaviour in soluti 

The first physical investigations on insulin were carried out by 
SJOGREN and SVEDBERG®’ in 1931. ‘They studied this protein in the 
ultracentrifuge, found it to be homogeneous and stable in solutions 
between fH 5-7, and calculated a molecular weight of 35,000 
from sedimentation equilibrium measurements. Porson®* determined 
the diffusion constant Ds, = 8-2 10-7 sq cm/jsec and calculated 
from this and Svedberg and SjG6eren’s sedimentation. constant, 
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Sea 3°47 X 10713 cm/sec, the molecular weight M/ 11,01 From 
crystallographic studies it was quite clear that the m lar weight 
of insulin must be a multiple of 12,000 (CRowroor®® 1 reca ted 
for more accurate values for hydration, GuTFREUND® Up to the 
publication of a paper by MILLER and ANDERSSON 14.2 was 
generally accepted that the molecular weight of i 
Miller and Andersson redetermined thi dimentati diffusion 
ynstants and found the former to be in good agreement with SVEDBERG 
and Syj6GREN’s (Miller and Andersso1 5 2-5 Tar 
orrected for sedimentation in water, while Svedber ren’s 
ywer value was for sedimentation in buffe: Their dit 
ae 107" sq cm/sec, was cons! lerably lowe han F rs 
and the molecular weight calculated fro1 tne la \t 
that time we began a thorough study of insulin in solution, b ral 


methods and under a variety of condition 


(GGUTFREUND and OcsTon®® re-examined the sedimentation constant 


of insulin and found it to be 3°34 10~!3, ‘This was the result of a 


+ 


very careful study, including an investigation of all possible sources of 


error and is probably accurate to I per cent. PEDERSEN*® remarks 
that the difference in sedimentation constant between this value and 
that of former investigators is probably due to differences in the 
insulin preparation ; this is not likely to be correct as we have examined 
a large variety of preparations, including some containing about 
20 per cent of an impurity of higher molecular weight, and found good 
agreement among the sedimentation constants for the main component 
in allofthem. The probable causes of errors in previous measurements 
of the sedimentation constant were pointed out by Ceci, and Ocsron??, 
The diffusion constant was also determined by the present author and 


found to be 7:02 x 1077 in solutions of pH 7-0 -5 : from this and 
/ l / ) 

Soq = 3°34 X 10713, assuming a partial specific volume of 0-75, the 

molecular weight is £6,700. 


} 


From further ultracentrifugal and detailed osmotic pressure studies 
GUTFREUND®™, ®? found that in neutral solutions of moderate protein 
concentration (0-5 1 per cent) insulin was homogeneous and had a 
molecular weight of 47,000 —48,o000. Dissociation of insulin molecules 
occurred on dilution to protein concentrations of 0-3 per cent or below, 
and on change of fH to above 8 or below 5. It was shown by the 
combined effect of dilution, 9H and temperature changes that insulin 
dissociates into subunits of molecular weight 12,000 and an approximate 
value for the energy of dissociation was found (Gutfreund). It seems 
likely that the subunits of insulin molecules are held together by 
electrostatic forces. WaAuGH® made detailed studies of an interesting 
phenomenon, namely that insulin forms a fibrous precipitate, sometimes 
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tactoids, if heated in very acid solutions. It is interesting to note that 
this aggregation is reversible, the precipitate can be redissolved in 
alkaline solutions and physiologically active insulin recrystallized, 
which has the same physical constants as before. The results of x-ray 
investigations on fibrous insulin will show whether this material is 
built up from repeating units of molecular weight 12,000. 

It has been possible to use physical methods for the study of solutions 
even further for the investigations on the structure of insulin. SANGER** 
has shown how homogeneous polypeptides can be prepared from this 
protein through the oxidation of the disulphide linkages which combine 
them within the subunit of molecular weight 12,000. These materials 
have been used by GutrreuND and Ocsron® for the development of 
a method for the study of substances of low molecular weight in the 
ultracentrifuge. Details of this investigation do not fall within the 
scope of this article. 

B-Lactoglobulin— Vhis protein has recently been chosen by CEcIL 
and Ocsron*® for an investigation into the accuracy of the ultra- 
centrifuge ‘since it appears to be one of the best defined and most 
stable proteins’. The diffusion constant of lactoglobulin was also 
determined by these workers®*®, and they have summarized most data 
available from studies on solutions of this protein. The standard 
methods of preparation of lactoglobulin are due to PALMER and 
SORENSEN and are discussed in the two papers by Cecil and Ogston ; 
they find no differences in the products resulting from the two methods. 

The first physical studies on lactoglobulin were due to PEDERSEN®? 
who found this protein to be homogeneous and calculated the molecular 
weight of 38,000 from sedimentation equilibrium measurements and a 
higher value, 41,800, from the sedimentation constant S35=3°12 x 1071} 
cm/sec and the diffusion constant Dgy = 7°27 X 107-7 sq cm/sec. 
Osmotic pressure measurements of GUTFREUND® and of JOHNSTON and 
Ocston®® gave results in good agreement ; they calculated a molecular 
weight of 37,800 and 37,300 respectively. It appears now that these 
estimates for the molecular weight are somewhat high. ‘There are 
several possible causes for this, some of which were discussed in 
connection with myoglobin. Recent crystallographic measurements 
by Sentr and WARNER™ give a value of 35,500 for the molecular 
weight of lactoglobulin. BuLL”! calculates a molecular weight of 35,020 
from osmotic pressure measurements. From Cecil and Ogston’s 
diffusion constant, 7°82 x 10~’, and sedimentation constant, 2°83 
x 10718 (both values from extrapolation to infinite dilution) and 
Pedersen’s value for the partial specific volume, 0-75, the molecular 


weight is 35,500. 
From the above data of Cecil and Ogston the frictional ratio 
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S/f, = 1°26 can be calculated. As there are not even approximate 
data for the hydration of lactoglobulin available, it is difficult to draw 
any conclusions about its asymmetry. If the hydration is of the order 
of o-3 gm of water per gram of protein, the axial ratio would be about 3. 
It should be possible to calculate the amount of ‘ bound ’ water in the 
wet lactoglobulin crystal from Senti and Warner’s experimental 
records and Perutz’s’? formula. 


PHYSICAL CONSTANTS OF BIOCOLLOIDS 


The six proteins which were discussed in some detail in the previous 
section have been chosen as examples to show the agreement and 
disagreement among results. It has been pointed out that even on 
these six proteins, which have certainly been given more attention 
than any other large molecules of biological origin, more accurate 
investigations are still needed to decide certain doubtful points. Much 
work on similar lines has been carried out on many enzymes, some of 
them crystalline, and on immuno proteins. Several of these substances 
have fairly well defined constants. As mentioned in the introduction, 
a thorough knowledge of the properties of these biologically active 
proteins as well as information about their activities and intermolecular 
forces in solutions would enhance our hopes to get an insight into many 
processes. In the next section an attempt will be made to give a 
general picture of investigations which can be carried out on colloidal 
solutions once the molecular constants of the solutes are known fairly 
accurately. 

In the field of virus particles it is difficult to find a sharp division 
between molecular entities and more complex organisms. Some of the 
plant viruses, such as tomato bushy stunt virus and tobacco mosaic 
virus are nucleoproteins which can be crystallized and behave, under 
suitable conditions, like the homogeneous proteins described in the 
previous section. These two viruses have been studied very extensively. 
As they are very much larger than other proteins (with the exception 
of some haemocyanins) they show more marked deviations from the 
ideal laws in solutions and great care must be taken if the methods 
normally used for smaller proteins are applied to the study of virus 
particles. As these two viruses are well defined, they have been used 
as model substances for the study of solutions of such giant molecules. 
Tomato bushy stunt virus forms spherical particles with a diameter of 
290 A and tobacco mosaic virus forms cylindrical rods 2,800 A long and 
150 A wide. Their respective molecular weights are 12 x 10° and 
40 x 108, These dimensions are derived from crystallographic data, 
electron microscopy, diffusion and sedimentation constants and light 
scattering measurements which all give results in good accord. 
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Most of the fibrous proteins are water insoluble and_ therefore 
outside the scope of an article on solutions, there are however, some 
exceptions such as myosin and other asymmetric molecules which 
play a role in muscle contraction and blood clotting. ‘These mechanisms 
are of course arousing a great deal of interest. ‘The major advances 
in the last few years were on the lines of purification of components 
and chemical investigations ; these are described by BaILey7®. It is 
very likely that a thorough study of the thermodynamic and kinetic 
properties of myosin and other muscle proteins in solutions would help 
in obtaining information about the mechanism in which they take 
part. 

There are several other groups of large molecules of biological origin 
which can be studied by the methods discussed in this article. Glycogens 
have been investigated in aqueous solutions and methylated glycogens 
in organic solvents. From a biological point of view the former group 
seems more important and references to work on these compounds can 
be found in a recent paper by BELL, GurrreuND, Cecit and Ocston’®, 
Though some work on other polysaccharides, protein-carbohydrate 
complexes and protein-lipoid complexes have been carried out by the 
same methods, they are only mentioned here as examples for possible 
further applications. Some nucleotides have recently been investigated 
by diffusion and ultracentrifugal sedimentation procedures (Ceci and 
Ocston’’). Most of the compounds mentioned in this paragraph are 
not yet well defined and many are probably changed in dispersion 
during extraction from biological materials. They are also more or 
less polydisperse and fairly asymmetric. 

The more detailed thermodynamic analyses of solutions of some of 
the well defined proteins can now be attempted. It will be clear that 
analogous investigations could be carried out on many of the other 
materials mentioned. 
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dilution over and above the ideal value. However, the heat of 


interaction 1s often negligible, and regular solutions can behave, within 
the limits ot expe rimental accuracy, as ideal solutions. For the entropy 


of solution to be an ideal one the volumes of the individual molecules 
of one component of a solution must not be greater than twice 
that of the other (FowLER and GUGGENHEIM’). [he solutions to be 


discussed here have an entropy of dilution, which is greater than the 
ideal one, as the volume of a solute molecule is several thousand times 


{ 
Ol 


a solvent molecule, and usually a heat of mixing or dilution 


due to electrical interaction effects. Before an analysis of the entropy 


I 


and heat of dilution of solutions of colloidal electrolytes is attempted, 
we shall discuss some other factors which contribute to the deviation 
of colloidal solutions from the ideal laws and which can easily be 
.] inated before n - comple alate cas . f Lael Chese 
eilminatec perore more compiex probdiems art attacked, nese 
: 4 . ae 
factors involve the partial volume taken up Dy the solute in solution, 


the solvation of the solute and the error due to the application of 
van’t Hoff’s equation 16 to solutions of finite concentrations. 

It is clear from the algebraic transformations in equations 12 to 16 
that the osmotic pressure calculated from the latter equation will 
deviate increasingly from that calculated from equation 13 with 
increasing solute concentration. If we consider however, that even 
for the readily soluble proteins, haemoglobin and serum albumin, the 
upper limit of protein concentration obtainable is less than o-o1 gm 
mol per litre and the maximum concentration considered in the 
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present experiments is less than 0-002 gm mol per litre, the error 
involved in the use of the equation P = RT.n,/V is negligible. 

The correction for the volume taken up by the solute molecules is 
equivalent to van der Waals’s correction 5 and is overcome in the 
present work by expressing all solute concentrations as per litre of 
solvent and not per litre of solution. The solvation correction is 
analogous to that which is applied to the expression for activity 
coefficients of strong electrolytes. As some of the water in aqueous 
solutions is bound to the solute and not available as solvent, the 
apparent solute concentration is raised. It can easily be shown that 
for globular proteins, deviations from ideality due to hydration are 
very small compared with the other effects. A hydration of 0-3 gm 
per gram of protein will increase the osmotic pressure of a solution 
containing 100 gm of protein per litre, by about 3 per cent. 

Entropy of dilution— The study of thermodynamic properties of 
solutions of large molecules received its major impetus from workers 
interested in solutions and gels of rubber and synthetic high polymers. 
During the last ten years a very large amount of work on the evaluation 
of the entropy of dilution of solutions of long chain molecules of that 
type has been carried out. A recent monograph by MiLLer®™ describes 
most of these researches ; other accounts of treatments of solutions 
have been given by GuGGENHEIM®!, Zimm®?, Flory’, HiLDEBRAND®*, 
Scuutz®> and Huceins*®®, 

It has been stated that the ideal free energy of dilution is equal to 
the ideal negative entropy of dilution and that it can be shown by 
statistical methods that 4S, = — Rln N, (equation 11). Though 
other methods of deriving an equation for the entropy of dilution are 
more general and rigorous (GUGGENHEIM®} 87, FowLer and GuGGEN- 
HEIM’”*®) a convenient proof for equation 11 is given by the simple 
application of Boltzmann’s probabilities, 


S=kinW see 0th) 


where k is Boltzmann’s constant and W the thermodynamic probability. 
Treating a solution as a system with sufficient local order to assign the 
molecules to points on a lattice (quasi-crystalline), the partial entropy 
of dilution of the solvent can be derived from the reduction in the 
number of possible arrangements of the solvent molecules. By definition 
there is no energy of interaction in an ideal solution, hence all con- 
figurations have the same energy and they all have the same statistical 
weight. 

If there are Nn, = A, (where N is Avogadro’s number and n, the 
number of mols of the first component) molecules of solvent and 
Nn, = A, molecules of solute in the solution, the total number of 
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molecules, and therefore of lattice points is A, + Az. There are 
(A, + A,)! ways of arranging (A, + A,) molecules on as many 
lattice points, but as all solvent molecules are equal and all solute 
molecules are equal the number of possible different configurations 
and hence the thermodynamic probability of such a system is 


W = (A, + A,)!/A,!4;! ... + (36) 

From equations 35 and 36 it follows that 4S the entropy of mixing 
A, molecules of solvent and A, molecules of solute is 

AS = kin {(A, + Ay) !/A,!Ae!} ....(37) 


If A is very large an approximation of Stirling’s theorem can be used 
in the form 


InA! =AlnA—A ...-(38) 
to simplify equation 37 and we obtain 
4S = k( A, en) Tan A, In <a ) ...+(39) 
A, A, 
Since kN = R and n, = A,/N and n, = A,/N 
~ AS = R(nIn "1 + ny In - at ae ase 
n, +, n, +n, 


and the partial entropy of dilution of the solvent 


AS, = aAS/én, = — Rin—2— = — RinW, 
my + Me 
which proves the validity of equation 11 used to derive the relation 
between osmotic pressure and solvent concentration. 

The above derivation of the equation for the entropy of dilution of 
perfect or ideal solutions serves as a simple demonstration of one of the 
statistical methods. It does give the correct answer for the ideal case 
and can be applied to real solutions. Besides the effect of solvation 
already discussed, the deviations from the ideal solution laws are due 
to ‘non ideal entropy of mixing’ and heat of mixing due to solute 
interaction. HILDEBRAND‘’* and GUGGENHEIM®® discussed the need for 
a modified treatment of solutions in which the component molecules 
are not of equal size and pointed out that in that case solutions would 
not follow Raoult’s law even if the heat of mixing is zero. The 
difficulties involved in the derivation of the entropy equation for 
mixtures of components of unequal molar volume are only those of 
finding suitable models and, at least as long as the interaction energy 
is zero, not mathematical ones. It now remains to be shown why 
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will be seen from the data presented below that the measured pressure 
difference from a change of temperature of 20° or so, would be 
very small. 

It has already been shown in Adair’s (G. S.) early studies on the 
osmotic pressure of haemoglobin solutions that under all the many 
conditions employed the thermodynamic behaviour of this protein in 
solutions of finite concentration always deviates from the ideal laws. 
Before Adair’s careful investigations the results of osmotic pressure 
studies showed great fluctuations which were due to an incomplete 
understanding of the Gibbs-Donnan equilibrium and the resulting 
partial osmotic pressure due to unequal distribution of small electro- 
lytes. Fortunately, thanks to Adair’s achievements, we possess today 
sufficient knowledge of these Donnan effects to be able to reduce them 
so as to be negligible or to estimate and allow for them. Protein 
molecules can of course be strongly positively charged in acid solutions 
or strongly negatively charged in alkaline solutions. It is thus possible 
to prepare solutions of colloidal electrolytes of chosen sign and 
magnitude of electric valence by the use of proteins of well known 
surface charge, such as haemoglobin and serum albumin, at a given 
solvent composition. In so-called iso-ionic or iso-electric solutions the 
hydrogen ion concentration is chosen to give the protein molecules an 
equal number of positive and negative charges. Though the overall 
surface charge is zero under such conditions, the total number of 
charges is ata maximum. The iso-ionic point is the pH at which the 
protein has zero overall charge in pure water, while the iso-electric 
point is the ~H at which the protein has zero overall charge in salt 
solutions, the latter varies with the composition of the solvent. In 
both haemoglobin and serum albumin the iso-ionic point is at a more 
alkaline ~H than the iso-electric points. The Aparrs (G. S. and 
M. E.)* studied the change of charges on haemoglobin molecules with 
the addition of ions and discussed the chemical significance of the 
difference between iso-electric and iso-ionic points. A preferential 
reaction with certain ions is postulated as the course for these pheno- 
mena, both by the Aparrs and by ScarcHarD®?. The Donnan effect 
as well as the interaction between protein molecules and small electro- 
lytes in solutions add to the complications involved in the interpretation 
of experimental results and great care is required in the planning of 
experiments in this field. The difficulties can be overcome either by 
the study of solutions of electrodialyzed salt-free proteins in pure water 
or in the presence of fairly high concentrations of salt. In solutions of 
low salt concentrations slight deviations from the iso-electric pH as well 
as salt protein interaction can cause big errors. It should be pointed 
out that great care has to be taken if experiments in pure water at the 
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iso-ionic point are carried out as small amounts of contamination with 
acid or alkaline substances will cause anomalies. If high concentrations 
of salt are used there may be the danger of some influence on protein 
dissociation, All these facts give a rather depressing picture of the 
possibility of getting thermodynamic information about protein 
solutions from osmotic pressure measurements. These difficulties can 
of course be overcome easily for molecular weight determinations, by 
the extrapolation procedure. The number of complications should not 
deter one however, from this approach to the problem of properties of 
solutions, but they should impress on us the necessity to collect experi- 
mental data under a very large variety of conditions before any 
unambiguous interpretation is possible. 

HARTLEY®? suggested from theoretical considerations that a 
“swamping process’ could be used. Quoting from Hartley 


In the case, however, where a swamping excess of a simple electrolyte is used 
in the osmotic pressure measurement, not only are the simple ions brought to 
approximate equality in total concentration on either side of the membrane, but 
it can be shown that they differ from complete equality, in exactly the right 
amount to compensate for the effect of interionic forces. The colloidal ions now 
behave, not only as though they were in solution by themselves, but as though 
in ideal solution, except in so far as non-ionic deviations from ideality, which are 
important in all solutions of macromolecules, are operative. 


An algebraic proof of this statement is adduced by Hart ey®4, 
Experience in our recent experiments has shown that there is an 
optimum concentration of simple electrolytes at which the deviations 
from the ideal laws can be accounted for by entropy effects, due to 
solute/solvent molar volume ratio, alone. 

For the purpose of comparing experiments under varied conditions 
we shall determine the osmotic coefficients of solutions containing 
100 gm of protein per litre of solvent. Figure 1 shows a plot of the 
osmotic pressure of bovine serum albumin solutions against concen- 
tration at 3° C. ‘The dotted line shows the pressure of a hypothetical 
ideal solution of serum albumin, the full line is drawn through the 
experimental points obtained. At salt concentrations of 0-2 M or 
above, between pH 4-6—5-3, there appears to be no significant difference 
in the results obtained under the various conditions chosen. It is 
therefore likely that the deviations from ideality shown by the measure- 
ments on albumin solutions, whose records are given in Figure 1, are 
almost entirely due to non-ideal entropy of mixing. (A small correction 
is to be made for hydration ; this has been neglected in all the graphs 
shown in this section. In solutions containing 100 gm of protein per 
litre of solvent the effect of hydration corresponds to 0-03 in the osmotic 


coefficient.) 
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Figure 2. Osmotic pressure of haemoglobin solution 
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ScHULz’s ®> equations the osmotic coefficient for a solution of spherical 
molecules of the same volume as these two proteins is 1-3. Considering 
that higher osmotic coefficients are to be expected from asymmetric 
molecules this agreement is very good as haemoglobin, and even more 
so, serum albumin, do deviate from spherical shape. It is likely that 
additional entropy anomalies due to asymmetry of rigid particles only 
become noticeable at concentrations at which the average intermole- 
cular distance of the colloidal solute has the same order of magnitude 
as the dimensions of the colloids themselves. It is interesting to 
consider in this connection, as well as for the analysis of long range 
intermolecular forces, that in a haemoglobin or serum albumin 
solution containing 100 gm/litre the centres of protein molecules are, 
on the average, about 100 A apart. 

It is of course possible that the assumption of conditions of ‘ ionic 
ideality ’ for solutions of colloidal electrolytes in the presence of high 
concentrations of diffusible ions is erroneous. Some activity effects 
may influence the deviation of such solutions from ideal behaviour and 
the good agreement of the observed osmotic pressure with the entropy 
of dilution calculated by methods of statistical mechanics may be 
fortuitous. Further detailed theoretical and accurate experimental 
investigations on the osmotic pressure of concentrated protein solutions 
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in solvents of varied pH and salt concentrations are required. The 
use of salts of varied activity coefficients at high concentrations might 
help to throw some light on this point. 

Having given a brief outline of the osmotic properties of two model 
proteins in solutions of high salt concentration, we shall now consider 
the osmotic activity of serum albumin in pure water. It is well known 
that most proteins have their maximum solubility in solutions of 
moderate salt concentrations and if solutions saturated with a protein 
under such conditions (the optimum salt concentration for protein 
solubility varies for different proteins) are dialyzed against pure water 
or strong salt solutions, precipitation or crystallization occurs. Though 
iso-ionic proteins have zero overall charge, their charges are not 
uniformly distributed over the surface of the molecules and resulting 
dipole effects can be observed, to varying extents, from dielectric 
studies on solutions of different proteins*®. The effect of this dipolar 
structure appears to be most marked in solutions in pure water and 
attractive forces between mutually orientated protein molecules reduce 
their free energy and can cause formation of crystals. It would be 
interesting to compare dipolar properties with solubility ; lactoglobulin, 
for instance, has a very large dipole moment and is almost insoluble 
under iso-ionic conditions. Work on these lines is at present in progress 
and it is hoped that the forces between dipolar colloidal electrolytes in 
water can be derived theoretically and compared with the experimental 
results for free energy changes. Apart from the few known facts from 
solubility measurements which are also in need of extension, we have 
only a few osmotic pressure measurements on solutions of bovine 
serum albumin in pure water to confirm the attractive forces between 
dipolar protein molecules. Figure 3 shows a record of these preliminary 

osmotic pressure measure- 
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Figure 3. Osmotic pressure of serum albumin taken as a base line. 


solutions in water : ; 
A careful study of serum 


albumin or haemoglobin in very dilute salt solutions is now required 
to detect any intermediary effects. Unfortunately it is very difficult 
to get accurate and unambiguous results under such conditions, both 
on account of ion-protein interaction and due to Donnan effects 
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arising from shifts of the iso-ionic point to iso-electric points. Of course 
small net charges on the protein can give rise to big Donnan correc- 
tions in dilute salt solutions. 

The above discussion on the planning and interpretation of osmotic 
pressure measurements on solutions of some well defined proteins is 
given as an indication how this method can be used for the study of 
forces of interaction between large molecules of biological origin. The 
field is full of complications, both from the point of view of theoretical 
prognosis and of interpretation of experimental results. The combi- 
nation of theoretical and experimental investigations promises however, 
to give much interesting information on the properties of solutions and 
on interactions between molecules which play an important part in 
biological mechanisms. The contents of this section are necessarily 
only a preface to the description and interpretation of the work now 
in progress ; as it is written while both experimental and theoretical 
investigations are in full progress, even many of the data already 
available have not yet been interpreted and could therefore not be 
included in this account. 

The attention of those interested in long range forces in colloidal 
systems has so far been mainly given to gels and solutions of tobacco 
mosaic virus and bentonites. Among protein gels those prepared from 
gelatine and tobacco mosaic virus have been studied most. As tobacco 
mosaic virus consists of much more well defined particles and forms 
gels with crystalline structure a considerable amount of physical 
measurements and theoretical speculations on this system have been 
described during the last few years. VeERWeEY and OVERBEEK®® review 
all the current theories on interaction between such colloidal particles 
but one cannot help feeling that the models chosen for the foundations 
of the various hypotheses, especially with regard to tobacco mosaic 
virus, are somewhat arbitrary. The surface charge and charge distri- 
bution as well as the change of the partial free energy of the solvent 
due to the presence of simple ions are susceptible of experimental 
verification. ONSAGER’s®’ theory on the effect of shape on the inter- 
action of colloidal particles, which has appeared in print since the 
publication of Verwey and Overbeek’s book®®, must be referred to, 
but unfortunately it did not come to hand in time to be discussed here. 
This field of research will produce many interesting results if theory 
and experimental investigations on the lines indicated above are 
combined in a common cause. It is obviously both of great physical 
interest from the point of view of theories of molecular interaction 
and the theory of solutions, and gives scope to careful physico- 
chemicai experiments and last but not least, any results obtained 
should be of great value to those interested in biological phenomena. 
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FUNDAMENTAL STRUCTURES IN 
BIOLOGICAL SYSTEMS 


K. M. Rudall 


White here and there we have succeeded in integrating whole groups 
of phenomena, the properties of living matter still spread out in a vast 
array not easily comprehended. We know the kind of simplification 
we require ; it is to be aware of the nature and position of every atom 
in living structures. This resolves itself into knowing the structure of 
and the interrelationship between all the molecules. It is well to 
know that this is our aim and then we can judge, as progress is made 
here and there, how far along the road we have travelled. In other 
words, we can see just to what degree we have contributed to achieving 
the desired goal. 

The question often arises in discussion, what are the definable 
aspects of biophysics ? The physics of large scale phenomena, such as 
the eye as an optical instrument, auditory mechanisms, pumps, valves 
and girders, is readily appreciated ; more strange are the numerous 
electrical phenomena of nerve and muscle. There is also the huge 
field of study of the effects of ionizing radiations on living tissue. 
We are concerned here, however, with those physical studies which 
are capable of elucidating the structure of biological molecules and the 
physics of small scale phenomena. To emphasize the importance of 
this subject we can say that knowledge of the structure of such molecules 
is as important to biology as atomic structure is-to chemistry and physics. 
Physical measurements are bound to reveal the shape of these molecules 
and how they change their shape, how unique structures are built up 
from several molecular types and how they behave like minute instru- 
ments ; but the fundamental problem in all these conceivable systems 
of great complexity is the analysis of structure at the molecular level. 

There are many views on what constitute the most wonderful things 
about life. Most important is the nature of the molecules and from 
this all the others follow. The core of the physical problem is the 
structure, but not all measurements of properties are an equally reliable 
guide. We rely mostly on, and desire to perfect, those methods which 
take us most directly to the structure. Of outstanding importance are 
the optical methods involving x-ray diffraction, electron microscope 
image formation, and spectroscopic absorption ; but many other studies 
are complementary ; they facilitate and expand the results obtained by 
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the direct methods. The latter, however, must form the dominating 
approach to the systematic study of structure in biological systems. 

In the biological field x-ray diffraction studies have now been 
applied for nearly thirty years, while electron microscope studies have 
been usefully applied for only one third as long. While the diffraction 
studies resolve discontinuities of atomic dimensions, as well as macro- 
molecular dimensions, the electron microscope at present resolves 
structures only of the order of macromolecules. Thus the two methods 
overlap in a way that is extremely convenient. The great interest 
lies in the detail of intramolecular structure ; it is information of a 
rare kind and of greater philosophic content. Were the resolving 
power of the electron microscope capable of imaging all structure down 
to the atom it would be the most important method of all. At present 
it contributes only indirectly to considerations of intramolecular 
structure. The diffraction method too has its limitations as it fails 
progressively as we depart from geometrical perfection. 

This article is entitled ‘ Fundamental structures in biological systems ’ 
in the belief that the subject matter is really basic to all the extra- 
ordinary properties of living matter. In considering some of the great 
contributions which have been made in this field we are concerned 
mainly with fundamental structures of the following kinds : proteins, 
polynucleotides, polysaccharides and lipids. Not all of these substances 
can have special attention here and we are concerned chiefly with 
the first three classes, which are polymers. The compounds of special 
interest may be few in number of classes but they are particularly 
numerous in species. The studies to be described explain certain 
sources of this variation, giving a proper basis for the classification of 
various types. 

A number of x-ray diffraction photographs are included, representing 
the principal types of chain molecule which have been recognized in 
biological systems. The interpretation of these patterns is certainly 
difficult, but its value is evident and has proved a fruitful guide in many 
directions. A limited number of references is appended giving access 
to more detailed discussions. 


POLYPEPTIDES AND PROTEINS 


Proteins make life possible ; they also make it bearable or unbearable. 
Life originated because proteins originated. Where have we arrived 
so far in the study of these tremendously important molecules ? The 
field of intramolecular structure was opened up by the study of such 
unlikely objects as fibres of silk, hair, wool, and tendon., There are 
still those who do not readily see that the structure of fibres is a very 
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fundamental aspect of protein studies which is only at the beginning of 
its profitable advance. So many important things have been discovered 
that we now know that to pay first attention to protein fibres was a 
wise step. 

Contributions to protein structure have come from a long succession 
of chemical studies, but from the physical point of view our ideas on 
intramolecular structure have been created by the comprehensive work 
of AstBury and his colleagues, comprehensive because it ranged widely 
in the biological field and recognized the main principles of intra- 
molecular architecture in polypeptide systems. It is these contributions 
that will be discussed here, what is more and what is less certain 
about them, and how they affect certain classical problems in biological 
systems. 

Structure of extended B-type polypeptide chains— The simplest fibres con- 
sist of a parallel arrangement of molecular chains. Natural silk is 
composed of a protein called fibroin, and Meyer and Mark first inter- 
preted the axial repetition of pattern in x-ray diffraction patterns as 
twice the distance between successive amino acids in the constituent 
polypeptide chains. Studying a wide variety of animal and vegetable 
proteins, Astbury realized that these could almost always be obtained 
in a form consisting of extended polypeptide chains bound together into 
regular bundles or crystallites, so named because such ordered regions 
give diffraction patterns of the type so well known for crystals of a 
visible size. The extended polypeptide chains are designated as the 
B-type because in the beginning a most important property was their 
derivation from a-type proteins which will be considered later!» *. The 
8-proteins give us the simpler truths about polypeptide chains as 
structures and as carriers of reactive groups. The fundamental units 
of structure in £-type proteins are as follows : 


The single polypeptide chain is shown below 


eatis NH CO: CH NH co Bree 
v \ *~ ‘ oe 
co: ‘ol ~NH co CH ‘NH 


where R’, R”’ etc represent the side groups of different a-amino 
acids, and where on hydrolysis the chain breaks at the position of 
the dotted lines to give free amino acids. The polypeptide chain 
may be represented diagrammatically as in Figure ra. 
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ii The polypeptide grid, which is simply a sheet of polypeptide chains 
bound together by interaction between side chains as in Figure rb. 

iii The three dimensional polypeptide crystallite, which consists of a 
number of grids piled on top of one another. This pile when viewed 
along the plane of the grids appears as in Figure rc. 
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Figure 1. a Single polypeptide chain b Polypeptide grid c Polypeptide crystallite 


Many important conclusions follow from the data summarized in 
these figures. First, quantitative information about the sizes of poly- 
peptide chains is obtained e.g. the amino acids follow one another along 
the chain at distances of 3:4 to 3:5 A, while the chains are separated 
laterally in the direction of the side chains by about 10 A, and laterally 
between the ‘ backbones ’ of main chains by about 4:5 A. Furthermore, 
the above chains are fully extended and cannot be made appre- 
ciably longer by stretching. These are all simpler features but a sudden 
leap into complexities arises from the fact that side groups R’, R”’, R’”’ 
etc may represent any of some two dozen different amino acids. Only 
if these residues are arranged in some very regular succession in all 
parallel chains is there much hope of obtaining information on this 
order of structure in x-ray diffraction patterns. 

The above lay-out of the chain molecules is particularly important 
in relation to intramolecular forces. In the main chain direction the 
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units of structure are held together by the peptide bond 





a strong primary valence bond which is always present. 
ubiquitous are hydrogen bonds between neighbouring chains 
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these being in the direction of the backbone linkage in f-proteins. 
Apart from van der Waals’s forces the above C=O - - - H—N bond is 
the only type of lateral bonding which is common to all extended 
polypeptides. In polyglycine it would be the only lateral bond, as it is 
in nylon. Hydrogen bonds of this type are well established by current 
infra-red absorption studies, but data on their direction is as yet far 
from extensive. The most likely configuration of neighbouring 
chains (Figure 2) gives the maximum hydrogen bonding between 
—C=O--+H—N— groups*-*. In Figure 2 the chains run in oppo- 
site directions, thus meeting the requirements of the diffraction data, 
where there is a pattern repeat of 9:3 A in the direction of the back- 
bone linkage. 


CO. ¢HR NH CO CHR NH f 
NH CO CHR NH CO CHR NH’ f of 
465A 
CO NH CHR CO NH CHR co | | 
NH CHR CO NH CHR CO NH ~~ Qi p 


CO CHR NH CO CHR NH CO 
sf b \ rd " / \ "i \ / ‘ 
NH co CHR NH co CHR NH 
CO NH CHR CO NH CHR CC 
\ Jf PN P die. Ure Tes 
NH CHR CO NH CHR CO NH 


Figure 2. ‘ Backbone linkage’ between extended polypeptide chain 
S sS > 


Interaction and bond formation between the side chain groups is 
undoubtedly the source of the more specific behaviour of protein chain 
systems. These interactions are three dimensional as is apparent from 
Figure 3. 
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Figure 3. Interactions between side chain groups 


43 








FUNDAMENTAL STRUCTURES IN BIOLOGICAL SYSTEMS 


For example, there may be interactions between side chain groups 
of parallel chains in the same grid, as in Figure 3a, or interaction be- 
tween side groups of different ‘rungs’ of the grid, as in Figure 3b. 
Equally, interactions are possible between side groups of superposed 
grids as in Figure 3c. The possibilities of group interactions are thus 
especially numerous. At a given rung level one direction of bonding 
will be favoured when single active groups are present, but which 
direction this is will depend on the nature of the surrounding 
groups. 

The nature of these bonds will apparently be any of the kinds 
capable of formation between end groups. The strongest will be of the 
primary valence type, such as those due to cystine bridges, for the 
existence of which there is abundant evidence ; there are also other 
conceivable types such as internal peptide bonds. There will frequently 
be no bonds of these types, at least in the side chain direction of 
Figure 3a, otherwise the spreading of a protein as a monolayer would be 
inconceivable unless such bonds were broken. A labile bond for which 
there is much evidence is the electrostatic link between charged basic 
and acidic groups. Equally we should bear in mind that there could be 
repulsion of groups of like charge. 

Crystallography, density, inextensibility and the chemical analyses 
all testify to the essential correctness of Figure ra,bandc. The diffraction 
pattern of stretched keratin, Figure 4, is typical of the S-proteins which 
have complex amino acid compositions. In all these structures there 
is uncertainty about the general nature of the side chain packing, and 
we have to accommodate side chains of greatly different lengths from 
the single hydrogen atom of glycine to the elongated chain of arginine. 
One can readily calculate that for keratin and myosin long and short 
side chains could be arranged at the same rung level of the polypeptide 
grid, leading to a very straight main chain direction. If this is not so 
and bulky side chains form cross links between main chains, then the 
main chains must be bent to give a primary fold in the plane of the 
grid*. This situation could be responsible for the reduced axial period 
of 3-3 to 3-4 Ain keratin and myosin as compared with the 3°5 A in the 
simpler structure fibroin, or the theoretical maximum of 3-67 A which 
polyglycine seems to approach’. 

Steric hindrance in the arrangement of the side chains will cause 
departure from a limiting close packed condition. The limiting close 
packed state should be related to the specific volume of the consti- 
tuent groups. From the known amino acid composition and using 
the tables of residue volumes as calculated by Conn and EpsA.v*® 
the mean residue volume can be estimated. If this is compared with the 
volume calculated from the x-ray data we find substantial agreement 
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between the two sets of figures in the case of fibroin and polyglycine, 
indicating that these two structures are nearly as closely packed as is 
possible. But estimates 
for several of the more 
Protein Mean apparent molal | Mean volume of complex proteins, as 

volume of residue, A® | residue from x-rays, 43 in Table I show a dis- 
} crepancy between the 


Table I. Close Packing of Protein Molecules 








Keratin - 133 150 mean apparent residue 
Myosin i 136 152 ‘ol » and the me: 
nec a al volume an e mean 
Edestin * 142 residue volume from 
ee 134 150 x-ray data. This is of 





the order of 16 A? and 
is a measure of the degree of non-closeness of packing. There is just 
enough room for about one water molecule per residue; and sufficient 
room is available in the proposed residue volume for the amino acids 
we are dealing with. 

From the crystallographic study of 8-type proteins we can conceive 
three subunits : the single polypeptide chain (Figure ra), the polypep- 
tide grid (Figure 1b), or a single sheet of chains linked in the backbone 
direction (Figure 2). For only one of these subunits is there any evidence 
in nature. Monolayers which form at interfaces, such as by spreading 
of proteins on water, reach a close packed condition where the poly- 
peptide chains are linked in the direction of the backbone and the side 
chains dip into the water on the one side and stand out from the 
surface on the other. Such units of structure have often been proposed 
when considering details of biological structure or as units inside 
corpuscular proteins. By superposition of actual monolayers, three 
dimensional arrays have been built up which give ‘ crystal ’ diffraction 
patterns of the normal B-type. The same concept of a superposed 
monolayer structure can be derived from the reaction of water with 
intact £-proteins. Here the water penetrates so as to move the chain- 
layers apart in the direction of the side chains, a process which, if con- 
tinued, would lead again to single sheets analogous to monolayers. 
Free single extended polypeptide chains seem unlikely. Motion of the 
chain would lead directly to lateral C=O - ++ N—H linkage and the 


single chain would become a small area of a monolayer. A free 
polypeptide grid, as in Figure rb, is equally unlikely as it could bend 
upon itself and with C=O - - - N—H linkage give the beginnings of a 


three dimensional structure. The last two elements, derived from the 
free polypeptide chain and the free grid, look like the kind of units we 
might expect inside corpuscular proteins. 

Thus it is through the study of chains of the 8-polypeptide kind that 
we begin to understand the principles of protein structure. Individual 
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chains give every indication of being built on a comparatively simple 
plan. Outstanding matters on which we hope to learn much more are: 

a The kind of repetition of the various side chain groups, R’, R”’ 
etc. The little knowledge we do have comes from the analysis of 
di- and tripeptides, and here in time we may be able to say which 
acids are adjacent. Related to this is the need for more specific 
information on the kinds of reactions between side chains. 

b We need to know much more concerning the backbone linkage 
e.g. the number and the strength of bonds between —C=O and 
—N—H groups. Already progress has been made and there is 
much hope of elucidating details of this sort by infra-red 
absorption studies’ > 35, 

The extended polypeptide or f-type chain is only one of the known 
configurations among proteins. f-type chains are relegated to a position 
of no importance by some on the ground that they are denatured and 
to be thrown away, but structurally they are of first importance, and 
to say that they give information on half the really important things 
about proteins may well be a large understatement. 

The «-type chain— Whereas it may be said that the chemists en- 
visaged a polypeptide chain of the f-type, the a-type chain is entirely 
a discovery of x-ray analysis!» *» °, and through these studies its most 
important properties are recognized, particularly by comparison of 
its dimensions and behaviour with those of f-type configurations. 
The classical work here is that on the keratin of hair, wool etc. Normal 
hair gives a large-angle x-ray diffraction pattern with but two principal 
diffraction spots (Figure 5), namely, the usual g:8 A reflection at right 
angles to the fibre axis, and a strong well defined reflection of about 
5:1 A due to a periodicity along the length of the fibres. In themselves 
these are indeed the scantiest data to go on, but when hair is stretched 
it gives rise to the f-type pattern, whe the 5-1 A reflection is entirely 
lost as in Figure 4. Under normal conditions the §-pattern reverts to 
the a-pattern when tension is removed and the fibre allowed to 
contract to its ordinary length. The a—§ transformation is thus a 
reversible one. The change from a-§ is achieved by stretching the 
molecules parallel to the main-chain axis, but it can also be brought 
about by compressing the molecules in a direction at right angles to 
the fibre axis. Both methods of effecting the transformation are 
consistent with the extension of a folded configuration of the chains. 

These most outstanding properties are characteristic of a number of 
different proteins. In naturally occurring proteins the existence of a 
well defined f-configuration is apparently rare. The rather specialized, 
secreted protein, fibroin, is the classical example, and is a highly in- 
soluble structure. On the other hand the highly soluble protein 
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arthropodin of insect cuticles is another example of a natural £-con- 
figuration!®, Compared with the rarity of natural £-configurations, 
a-type proteins are very widespread. AstBurRy’s classification, k, m, e, f, 
for keratin, myosin, epidermis and fibrinogen indicates the successively 
discovered sources of typical a-type proteins. Indeed we may reason- 
ably expect them in any body cell, or as a secreted product, and they 
may yet prove to be the commonest type of polypeptide chain, natural 
or synthetic. 

For investigating the principal phenomena of the a->8 transforma- 
tion, hair fibres are nearly ideal structures. Their principal advantages 
are that the asymmetric molecules are naturally highly oriented parallel 
to the long axis of the hair, and the hair is stabilized in a manner that 
allows the structure to be fullystretched towards the breaking point 
and then recontracted to practically the same initial length. 

Other a-type fibres e.g. myosin and epidermin, show varying amounts 
of internal slipping so that the initial length of a fibre is not consistently 
regained on release after stretching. 

Because of these characteristics of hair and wool, some quantitative 
data on the extent of chain folding are obtained?. Hair and wool can 
be stretched in hot water or dilute alkali to just about twice their 
original length and at this point they commonly break. This gives 
one possible relationship between the dimensions of the fold (a-type) 
and the fully extended (f-type) chain i.e. the extended chain is 
approximately twice as long as the a-chain. Another possible relation 
lies in the fact that the £-form begins to be noticeable at 20-30 per cent 
extension, and it was originally thought that the degree of unfolding 
produced an increase of length of about 30 per cent, in agreement with 
the main periods in a and § patterns of 5:1 A and 6:8 A, respectively?. 
On this basis it was impossible to explain the complete extensibility of 
the fibre by 100 per cent, which was subsequently discovered”. To 
accept the 30 per cent extension during the a->f transformation in 
the ‘ crystalline ’ phase necessitated the additional hypothesis that other 
phases of the fibre extended reversibly by amounts equal to or greater 
than 100 per cent. The simplest view was to regard the process of 
a->8 transformation as giving the whole 100 per cent extension. The 
data at our disposal are of a kind that would generally be left uncon- 
sidered, but the thrust of Astbury’s discussion is that he has believed 
such data to hold the key to really important aspects of protein structure, 
and that they hold the key to the detailed mechanism of muscle con- 
traction. Disbelief may result from investigation, and beforehand it 
may sharpen the aim, but ardent belief in the interest of the subject 
is to be prized above many other things. 

There is difficulty enough in taking the first step, that of proposing 
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an unfolding from one regular state to another, but there is no other 
view that accounts for the long-range elasticity, the diffraction data 
and related phenomena all at the same time. The a and 8 forms show 
prominent repetition of pattern along the fibre axis, at 5:1 A and 6-8 A 
respectively. The 5:1 A distance cannot contain a single amino acid, 
which repeats at a distance of only 3-4 A. It may contain 2, 3, 4 etc 
residues and the mean distance along the axis occupied by such 
residues is given in Table IJ, together with the percentage extension 

necessary to achieve chain unfolding 


Table II. Unfolding of Protein Chains in cog that each residue repeats at a dis- 
Hair and Wool 


tance of 3-4 A. 











Residues por | Length of | "*tension Where three amino acids are folded 
. 5p th on unfolding . : = a A , e 

5:1A period | residue prengesie into a distance of 5:1 A the extension 

+ - obtained is 100 per cent, and these 

2 51/2 | 33 figures are used as the basis of the pro- 

; 4 : oe posed a-model. There might be only 

J . / ° 7 . “4 

| two or again a larger number of resi- 





dues per fold. The simplest and most 
powerful argument against two residues per fold is the certainty of 
halving planes that would greatly reduce the intensity of the 5:1 A 
reflection. In fact, however, the reflection is as a rule very strong indeed. 
In the f-diagram the equivalent halving planes reduce the strength of 
010 to a negligible value, and there is no evidence whatever that 
alternate side chains are of enhanced scattering power. It might con- 
ceivably be argued that in the a-form every other side group was 
heavier and that on transformation to the f-form the chains slipped 
over one another so that on the average the weight of the side chains 
became the same at all levels. We should then have to suppose that 
this slipping was exactly reversed in the return to the a-form during 
contraction. These considerations speak powerfully against the model 
with two residues in each repeat of 5:1 A, and thus all the more support 
is given to the model with three residues per fold. 

Simplified diagrammatic representations of a and £ chains are 
given in Figure 7, while photographs of the actual models of the single 
a-fold are given in Figure 6, the two pictures a and b being taken from 
opposite sides of the fold. The models were constructed according to 
known interatomic dimensions, some being covalent radii and some 
van der Waals’s radii, using bond angles which are approximately tetra- 
hedral®. Thus this fold is a possible one because interatomic distances 
and bond angles are satisfied and there is sufficient room for the packing 
of the side chains. It is also important, however, to have reason for 
believing it is a stable structure. The basis for the stability is that the 
loop of the fold is formed approximately at right angles to the direction 
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in which the side chains project, and is kept in this position in two ways. 
First and most important, the CH, groups of the side chains fit 
together in close packing. Secondly, the position of the main chain 
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Figure 7a a-chains and b £-chains 


loop could be maintained by cross linking of the side chains of neigh- 
bouring main chains in the grid. Furthermore, hydrogen bonds, as 
illustrated in Figure 6b, are possible within the folds ; recent studies of 
porcupine quill tip by infra-red absorption indicate the presence of 
such bonds directed approximately along the fibre direction, as re- 
quired by the model*®, °®. Thus there is a variety of factors associated 
with principles of close packing, cross linkage and internal bonding 
which combine to make such a fold stable. 

The kind of fold illustrated in Figures 6 and 7 is the best working 
hypothesis we have. Huccins!! has proposed a similar three-residue 
fold model without giving adequate reasons why it should be stable in 
the wide variety of cases in which it is known to occur. In the Astbury 
model the remarkable constancy of the 001 spacing during the a8 
transformation is accounted for by having the fold at right angles to 
the direction of the side chains. 

The whole interpretation of the a-configuration depends in the first 
place on its relation to fully extended polypeptides of the B-type, but 
even were the latter unknown it seems almost possible to arrive at an 
independent interpretation of the a-fold on the basis of scale models, 
principles of packing and intramolecular bonding. From the point of 
view of the theory of long range elasticity, comparison of the a and 8 
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forms is of the most absorbing interest. There are certain major 
differences between the two with respect to the intramolecular bonding. 
First, as regards hydrogen bonds, the form of the -chain, as illus- 
trated in Figure 2, shows the possibility of extensive uniform linkage of 
—C=O---HN— groups, the backbone linkage. The situation is 
very different in the a-chain. Here a wider variety of hydrogen bonds 
are possible, principally those within the folds of individual chains and 
those between chains. Secondly, major changes in the bonding are 
likely, due to the greatly altered arrange- 
ment of the side chain groups. In Figure 8, 


ra © spe 
id 4 ve if certain side groups AA or BB on the 
= ee same side of neighbouring f-chains have 
I | 8 e@? %8 moved a considerable distance away from 
= | one another, while all the side groups 


within the same chain have moved closer 
together, from 6-8 A to about 5"1 A apart. 
\sTBURY® has attempted to find the cause 


Figure 8. Position of side chains of long-range elasticity in this situation, 
in a- and f-chains : 


a p 


supposing that most of the polar groups 
lie on one side of the chain and most of the non-polar groups on the 
other side, and indeed in the proteins keratin and myosin the number 
of polar and non-polar groups are reasonably equivalent. There is 
criticism of this attractive suggestion on 

the grounds that in wool both non-polar ae aS 
pairs and polar amino acid pairs do occur e — ' 
as dipeptides!?, but the idea is not dis- m 
posed of and it represents the search for ~ 
some unique arrangement of amino acids = ;-— 
that could make the a-form more probable 
than the £-form. Some unique arrange- 


ment is suspected, for of the many pro- 7 7 4 
teins which can exist in the 8-form, only aimed on ihe” 
some can exist in a well defined a-form. 
Other factors can be thought of which might contribute to the stability 
of the fold on the one hand, or on the other hand lend force to the 
contractility of the £-form. If there are oppositely charged side groups 
at positions as in Figure 9 these will hold the fold against unfolding 
tendencies, but when stretched to the f-form the apposition of like- 
charged groups will oppose the stability of the B-system, which never- 
theless could become stable by slipping of grids over one another. 
Supercontraction phenomena— The a and £ configurations of the same 
polypeptide chain give us two principal forms in which the distributions 
of active groups differ. We also want to know what other possible 
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configurations there may be in order to extend fully our awareness of 
the range of interchangeable forms. There is a large amount of data 
on the phenomenon of supercontraction which is recognized since the 
discovery that wool and hair under certain conditions contract con- 
siderably below their normal equilibrium length?. This phenomenon 
excited all the more interest since it bears such a striking resemblance 
to aspects of muscle contraction!*, 14. The possibility of a contractile 


mechanism involving a change of naturally occurring 8-polypeptides 
to the a-configuration has long been considered, 


evidence for this mechanism, and here we may concern ourselves with 


l 
but there is no direct 
what experimental evidence there is for special chain configurations 
representing a highly contracted condition shorter than that of the 


a-form. 


It has been stressed already that hair and wool form rather ideal 
structures for the quantitative study of elasticity phenomena. ‘These 
keratin structures possess a recognizable normal equilibrium length in 
which the a-type configuration is well defined. A remarkable reversible 
contraction was discovered by WHEWELL and Woops! as a result of 
treating hair and wool in cuprammonium solutions. The fibre 1- 


tracted by about 30 per cent but regained their initial length on washing 
out the copper with acid. Very striking was the fact that the a-pattern 
disappeared, but this was not replaced by any other regular pattern 


which could be related to a superfolded state of the chains Che 
cuprammonium solution had the general effect of dispersing th n 
stituent chains of either a-keratin, §-keratin or feather keratin and 
giving rise to an amorphous type of pattern independent of the state 


of contraction. The mechanism of shortening is of great interest, but 


we are unable to deduce anything from the comparison o 
ry nrohable 


tion patterns of the contracted and uncontracted states. It 


f the diffr 


that the regular a-pattern disappeared, not because component chains 
underwent further folding, but because these chains were forced out o 
the normal regular arrangement as in excessive swelling 

A different type of result has been obtained in the thermal contraction 
of labile a-type proteins!®, Fibres made from myosin, fibrin, and 
epidermin, the principal fibrous proteins within mammalian epidermal 


cells, undergo contraction in hot water at temperatures above 40° C 


_ 
< 
~~ 
o 

/ 


for myosin and fibrin, and above 50° C for epidermin 

the normal a-configuration is replaced by a type of f§-pattern. 
differs from the normal f-pattern obtained by stretching keratin or 
myosin, where the extended polypeptide chains lie parallel 

direction of stretching, which we refer to as parallel 8, or for short //£. 
In thermal contraction the structure is such that the polypeptide chains 
lie at right angles to, or across, the axis of the fibre, and the x-ray 
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diagram is thus designated as the cross 8 pattern or simply Xf. The 
three distinctive types of diffraction pattern, a, //8 and Xf are asso- 
ciated respectively with the normal, the stretched and the supercon- 
tracted states. We are concerned here with the nature of the X8 
form and whether it gives any clue to the possible superfolding of 
polypeptide chains. 

In a system such as the epidermis, the isolated epidermal protein, 
or myosin, the cross f pattern is produced in the following manner. 
Previously oriented material is contracted by placing wetted-out speci- 
mens in hot water of temperature go to 100° C for a minute or two. 
Two things occur during the treatment: molecular orientation is com- 
pletely lost and the intramolecular pattern is changed from the familiar 
a-form to a disoriented f-type structure. If the material is now 
stretched in cold water to achieve parallel orientation of internal 
asymmetric units, the cross 8 form of diffraction pattern is obtained, 
Figure roa. In epidermal protein an extension of about 80 per cent was 
found to give the best results. At extensions above 100 per cent the 
cross 8 pattern began to be changed into a mixture of //8 and X§. 
The most important characteristic of the cross 8 pattern is that indi- 
vidual chains are fully extended at least over distances of several 
residues and that the same kind of backbone linkages occur. In 
Figure roa, it is evident that the side chain reflection 001 is much 
weakened, and it is likely to be the same kind of effect as previously 
described? in the setting of //8 patterns where there is disturbance of 
the regularity of structure in the side chain direction with spreading 
along the layer lines from 111. 

The most interesting explanation of the cross 8 pattern is that which 
supposes a folding of the main chains upon themselves. The derivation 
of X8 from a is given very diagrammatically in Figure 14. In b the 
lengths C—C are occupied by fully extended polypeptide chains, while 
the repeat of pattern C—D now becomes the familiar backbone period 
of 4°65 A. It is highly probable from a consideration of the factors 
making for stability of the a-fold that some folds are more stable than 
others. Thus the transformation of a to Xf could proceed on the sup- 
position that certain folds as at x resist unfolding while thermal 
agitation readily unfolds the regions y. Regions C—C would then be 
bonded by the usual backbone linkage and would be permanently or 
temporarily set according to the sum total of linkages between back- 
bones and side chains. 

By postulating that sometimes only a proportion of the chains in a 
structure adopt the configuration of Figure 14b any contraction up to 
70 per cent could be obtained on the basis of every third fold remaining 
intact. In the experimental material there is always loss of orientation 
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during isotonic thermal contraction, hence no measure of the true 
degree of chain shortening is obtainable. But where thermal contaction 
is carried out isometrically, the cross 8 pattern appears with its 
characteristic orientation with reference to the fibre axis as in Figure rob. 
This corresponds to a direct transformation from a to Xf with a 
parallel development of tension. From the beginning this change is 
the sudden appearance of X§ replacing a. In the presence of strong 
urea solutions the cross 8 form readily changes over into the normal 
a-form, Figure roc. There seems to be a contracted condition that is 
reversible, and the importance of this is obvious if we are to be able to 
carry over ideas about folded chain systems to the reversibility of 
contraction as it occurs in muscle. 

For the present we can summarize the transformations between the 
various forms of chains as follows. The normal transformation by 
stretching has the following cycle a—//B—>a. The full range of the 
transformations has the form a—XB->a-—//B-—>a. The section of this 
cycle which we should like to resolve is X 8-+a->//8 and especially to 
know whether a simple stretching process 











will take us from Xf to a. The usual f— - occmmamaeeall 

result of stretching the X 8 form is to pro- a 

duce an increasing amount of //8, and [—” : 0 

this is almost inevitable if we choose the = peer .. 
pool ase 


model of Figure 14b. It is a question of | 
finding an ideal material which when —~ 
placed in an appropriate medium will — -———_] 


. : \* | 
show a change from Xf to a with areal ‘— spans 
° a 
increase of fibre length. : Se ee 
. . . Figure 14. Derivation of XB from 
In a very wide variety of proteins the ecanieg 


cross 8 pattern is obtained as a result 

of thermal treatment, and the common result of stretching this 
form is to give rise to the //8 pattern. The first dramatic case was 
egg albumin which in the poached egg state gives the cross 8 form!’; 
or starting from crystalline egg albumin, denatured in detergents but 
not heated, the fibres which are only slightly stretched are of the X8 
type, while those highly stretched in live steam give excellently defined 
diffraction patterns of the //8 type. That the albumin loosened by the 
detergent is in the X£ form is possibly related to a folded condition of 
polypeptides in corpuscular molecules. High stretching in live steam 
(t.e. without excessive swelling) completes the unfolding of residual 
folds. In insulin denatured in thioglycollic acid and urea the structure 
again has the same X§ form, Figure 11. Thus portions of corpuscular 
protein molecules when denatured by a variety of means e.g. heat, 
detergents, —S—S— reducing agents plus urea, give a common 
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polypeptide structure of the cross § form. For the present it seems 
reasonable to relate this to the kind of superfolding proposed as a 
model for the supercontraction of a-type proteins?®, 

Corpuscular protens— ‘The more recent history of concepts about 
fibrous and corpuscular proteins may be summed up as follows. Some 


1egarded protein structure as one whole subject with fibrous and 


corpuscular proteins of equal interest but placing emphasis on the 
fundamental importance of chain molecules when it comes to intimate 
detail. Others regarded the fibrous state as of negligible interest as fat 
as COrpus¢ ular proteins were concerned. ‘This division seems to have 
its origin in the vastly different properties of the two types of structure 
The well known fibrous proteins had mainly mechanical functions 
and were considered dull. i he rpuscular proteins had the most 
exciting properties, in the es which perform almost every 
conce vable fur I nese il¢ f perties na irally indi ted 
differences in stru put did Lot tate a pl in of structur ) 


corpuscular proteins that was unrelated to that in fibrous proteins 
1 XA oa Pn ee = rot Se . 
That there is continuity of intramolecular plan in fibrous and corpus- 
. + 1 | 
cular proteins is indicated by the following : 


1 There is no significant difference between the densities of fibrous 
and corpuscular proteins. 


> | | > j 
On denaturation by heat or other methods, fibrous and corpus- 


Le) 


cular proteins transform to the same system of polypeptide chains 
of the B-type. 

3 The corpuscular egg albumin molecule behaves like a pile of 
four monolayers of a fibrous protein!’, The structure of these 
monolayers spread as surface films shows them to be of the 
B-tvpe!® Within the lecule the com: ‘hains could | 
B-type}. Vithin the molecule the component chains could be 
in the a-configuration. 


These statements amount to the conclusion that the intramolecular 
arrangements in corpuscular proteins are of the same general kind as 
those found in fibrous proteins. 

Many of the reversible transformations between corpuscular and 
fibrous conditions will involve little intramolecular change. Examples 
of this are fibrous and corpuscular insulin, fibrous and corpuscular 
actin”, and the reversible change from crystalline to fibrous tropo- 
myosin?!, In the last example the fibrous state gives the familiar a-type 
pattern, and it is very probable that this intramolecular arrangement 
is still present in the crystallized corpuscular form. For more direct 
information concerning the kind of intramolecular arrangement in a 
corpuscular protein we have the dimensions deduced by Perurz for 
methaemoglobin’’. Here the component rods have an axial period of 
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ca 5 A, and side dimensions of 10 A. This is practically identical with 
the form of the single a-protein chain. 

X-ray studies on fibrous and corpuscular proteins— The x-ray studies of 
fibrous proteins have informed us most directly about intramolecular 
arrangements and dimensions. By contrast the study of crystalline 


proteins has mainly provided another means of measuring the molecular 
weight with the addition of information about the symmetry and 
packing of the molecules. All the intramolecular detail is also observ- 
able but so far it cannot be interpreted except by comparison with 
the principles of structure revealed by studies of fibrous proteins. In 
the diffraction patterns of many fibrous proteins longer periodicities 
are common, and these overlap with the intermolecular dimensions 
appearing in the diffraction patterns of corpuscular proteins. The 


electron microscope has given another view of the very same macro- 
periods in protein fibres, notably of course at the highest end of the 
series of periodicities, which in their full range probably extend down 
to atomic dimensions. Reducing all these observations to their simplest 
form it would seem that many naturally occurring protein fibres are 
composed of regular subunits which are indistinguishable from corpus- 
cular proteins or are derived from them??, 

Structures of the feather keratin type— The chief protein of birds’ feathers 
is the prototype of a distinct sub-branch within the family of proteins. 
Feather keratin, as it is called, bears a close relationship to the typical 
8-protein type but has an axial period of only 3-1 A as compared with 
about 3°4 A. Feather keratin is unique in that it can be stretched 
reversibly, giving in the stretched state an axial period nearly as great 
as that in fully extended f-proteins?*. The mechanism of this limited 
reversible elasticity is unknown. Feather keratin is also notable in that 
it generally shows along the fibre axis a remarkable perfection of struc- 
ture from periodicities of about 94 A down to atomic dimensions. 
Similar perfection is also shown in directions at right angles to the fibre 
axis. These features indicate a highly pure protein species approaching 
the perfection of detail so characteristic of crystalline proteins. There 
are, however, many proteins in which this same type of chain structure 
is present while most of the detail is lost due to intrinsic distortions or 
admixture with different components. The configuration of the typical 
feather keratin molecule is likely to represent one of the fundamental 
structures. Its position with reference to other types is reviewed below. 

So far the feather keratin type of molecule has been found only in 
reptiles and birds*>. Thus at the molecular level we obtain a further 
illustration of their affinity, for the characteristic structure of the hard 
keratins is the same in the two classes. There are, however, specific 
differences between details of molecular structure in reptilian and avian 
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keratin and thus we have a well defined case of a plan of structure 
common to a large group of animals but with specific changes in the 
subsections of the group. Some of the specific differences within the 
same kind of cytoplasmic protein can be seen and measured. The 
keratin of seagull quill, Figure 12, and of the claw of Varanus niloticus, 
Figure 13, are illustrated. The differences lie in the kind of periodicity 
within the molecule and probably have their origin in varying arrange- 

ment of amino acids. 
Among vertebrate epidermal structures the feather keratin type is 
restricted to the harder tissues of reptiles and birds 1.e. claw, beak, 
scale and feather®®. 


= = By restriction can be 
C.. meant at present only 
ee a that it is greatly pre- 





dominating in these 

structures, but it can- 

not be said not to occur in 

\n traces in other epidermal 
structures. Particularly re- 
| markable is the manner in 


2 a 


J ..}— 


which the feather keratin 

molecule appears to replace 

| é the much more frequently 
t 





ae occurring a-type structure. 

Two kinds of replacement 

occur. First, in the Saurian 
1} |p scale, Figure 15a, the outer 
compact layers have the 
feather keratin structure 
and the lower loose layers 
NSLP 7 the a-keratin structure. It 
would seem from this that 
there is an alternation of 
cell generations, one genera- 
tion containing a-keratin 
and the other feather keratin. An alternative to this view is that 
the generative cells forming the scale divide into two layers of dif- 
ferent genetic constitution, while by secondary division the compact 
and loose layers are formed. This latter view corresponds to the 
situation occurring in the production of a feather from the collar 
cells, Figure 15b. The cells arising from the stratum intermedium 
synthesize the feather keratin structure, while the stratum cylindricum 
and the cells destined to form the outer layers of the feather sheath, the 
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Figure 15. a Snake scales. b Feather follicle 
Feather keratin dashed; a-keratin stippled 








POLYPEPTIDES AND PROTEINS 


calamus sheath and the follicle wall sheath, produce predominantly 
an a-keratin structure. These remarkable phenomena suggest that 
different factors for cytoplasmic protein synthesis are segregated in the 
stratum intermedium cells on the one hand and in the outermost cells 
of the collar region (col) on the other, the factors being present to- 
gether in the regeneration cells (r.c.). What are the differences 
between the postulated factors, and are the same kinds and numbers 
of amino acids used in each? The possibility that feather and a-keratin 
are transformations or mechanical isomers of the same polypeptide 
chain system has been examined. All attempts to transform feather 
keratin into a-keratin by —S—S— reduction and urea relaxation 
have been unsuccessful. Nevertheless, the possibility of such a trans- 
formation remains. By contrast, it is comparatively easy to convert 
feather keratin into a typical fully extended f-system. 

In certain epidermal structures of birds and reptiles the diffraction 
patterns are consistent with an intracellular mixing of a- and feather 
keratin type cytoplasmic protein. In the best defined a-type patterns, 
as from the elastic epidermis between the toes of birds, some meridional 
periodicities are present which belong to the feather keratin system. 
It is possible that in this material the extracted cytoplasmic protein 
may be divisible into a large a-type portion and a smaller proportion 
of the feather keratin type. This association would bear a resemblance 
to that of myosin and actin in muscle tissue. 

Actin— This important constituent of muscle tissue, first isolated and 
characterized by Straus, has been classified with the feather keratin 
series on the basis of its diffraction pattern (Figure 16). The structure 
bears no relation to a-type proteins, but rather has the general features 
of £-type proteins**, Furthermore, it is richly provided with the series 
of meridional periodicities which are so characteristic of the feather 
keratin pattern. In actin the observed meridional series ranges from 
3°6 to 27 A, which is in simple proportion to the range 3:1 to 23°5 A of 
feather keratin. Hence actin could belong to the feather keratin series, 
in which a number of forms occur with different axial periods, merely 
as a result of stretching. The type of molecule in the Varanus claw 
(reptilian) is a stable structure with a period of 98-5 A, which seems to 
be intermediate between that of true feather keratin and actin. 

In the mixed system of the dried muscle fibre the patterns of actin 
and myosin are superimposed. The long-spacing series was originally 
thought to represent macroperiods within the myosin molecule, but 
the small-angle diffraction from intact muscle is apparently identical 
with that of actin and is absent from the patterns of isolated myosin 
which contain little actin?’. In turn these conclusions give point to the 
following question. Are the closely similar small-angle periods in other 
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a-type structures ¢.g. porcupine quill and various wool fibres, due to a 
separate actin-like component rather than to a system intrinsic in the 
a-component ? The whole interpretation of these things is called into 
question as a result of having to interpret the total pattern of muscle in 
terms of two distinct protein species. 

Collagen type structures—The structure of the great majority of proteins 
is such that they transform readily into a system of fully extended 
chains of the f-polypeptide kind. A few types seem unable to reach 
this end state so readily and some never even approach it. This last 

ull proteins of the collagen class. This type of 


distinct group includes all | 

molecule has two outstanding tures. It shows no intramolecular 
transformation as a result of stretching, yet the main axial period is 
short 1.e. 2°8 to 2-9 A. The first serious attempt to find the underlying 
principle of structure is due to Astpury**. He took the above facts, 
together with the knowledge that pea and gelatin are particularly 
rich in proline residues, and arrived at the chain molecule JI : 


N—CH CH, NH N—CH 
eo. 


‘@) 
Pa 


—CO CO—NH CO 


P] 


The success of this model is that it explains the apparent inextensi- 
bility, and the short repeat of pattern of 2-86 A compared with the 
3°4-3°5 Aso commonly met in other proteins. One basis on which the 
hd 1 could be immediately disposed of as a reasonable suggestion 


would be a wide departure from the required amino acid sequence 
—P—G—R—P—G—R—P—G—R 

where P represents proline or hydroxyproline, G glycine and R_ other 

amino acid residues. 

Even if the analysis showed a considerably lower quantity of the 
crucial imino acids the proposition would be far from disproved, as 
only an essential part of a complex structure need be on the above form. 
In the structural formula above the total axial repeat of pattern is 
8-6 A, which is exactly the value given by the first layer line in the 
wide-angle diffraction pattern, Figure 18a. The 030 group is, however, 
very prominent, so it seems probable that the chains are shifted parallel 
to one another by a distance equal to one third of this period, and the 
reason for such a shift may lie in the possibilities of C=O - -- N—H 
linking between the backbones of the chains. It is an extraordinary 
fact that collagen type molecules have never been transformed to the 
typical f-polypeptide system, either by heat treatment or by various 
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chemical treatments. This is considerable justification for the view 
that the chain incorporates frequent imino residues. The fibrous 
protein elastin which occurs in connective tissue along with collagen 
also contains a considerable proportion of prolines though less than the 
quantities found in collagen and gelatin. Elastin does not reveal the 


characteristic collagen diffraction pattern?’, but on the other hand it 


does not pack neatly as a system of 8-polypeptide chains, which 


probability is due to the rather frequent occurrence of imino residue 
Other structures have been proposed, for example by Huccin 
who also allows for the frequent occurrence of prolin residues | 
model there is excellent justification for the int l 6 A 
repeat, but none for the 8:6 A repea rt f 7 nveni 
rranged idues to eptiol ttering pow How ther 
is an interesting featur Ce eca t the spur hguratior t 
the chain, the side chain separation ts increased to about 11 A. The 
side chains are, on the average, considerably smallei lagen and 
gelatin than in most other proteins, and for the str | h model // 
the diffraction pattern should record a similarly sm 
distance in the side chain direction. That the side chain spacing is 


i 
rather large even in well dried collagen lends support at least to the 
spiral aspect of the Huggins model. 

Native collagen, as in tendons, shows a well developed series of 
macroperiods based on a unit of about 650 A which is found by both 
x-ray and electromicroscope studies. Figure 17 illustrates the macro- 
periods in beef tendon fibrils etched with collagenase. ‘There is also 
periodic structure across the diameter of the horizontal fibril apparently 
due to a series of particles in pseudo-hexagonal array. This macro- 


period and the amino acid repeat of 2-86 A behave without coordina- 


wide-angle diffraction. Also, changes of humidity bring about corre- 
sponding changes in the macroperiods but do not affect the smaller 
fibre axis period. ‘The smaller period persists strongly, even w 


macroperiods are apparently absent. ‘These things indicate that the 


wide-angle diffraction pattern is given by only part of a larger unit 
which, when intact, gives rise to the small-angle diffraction pattern. 
The distribution of the collagen type molecule in biological systems 
may be grouped as follows : 
7 white connective tissue fibres 
tendons of vertebrates 
cartilage ground substance 
elastoidin (scales and fin rays of fishes) 
ithyocol of swim bladders 
mesogloea substance of jellyfish. 
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2 filaments ejected by sea cucumber 
egg capsules of the skate 
shell membrane of birds’ eggs. 


3 cuticle of nematodes e.g. Ascaris 
cuticle of annelids e.g. earthworms. 


The substances of the first group are related in that they all seem 
to be formed by mesodermal cells of the general type of fibroblast. The 
second group appear to be secreted by mesodermal epithelia, while 
the third group are laid down in an orderly fashion by secretion from 
ectodermal epithelia. There is no material where collagen forms the 
major intracellular or cytoplasmic protein, nor indeed is there any 
evidence that the molecule exists at all within cells. It may be a trans- 
formation product occurring outside cells. 

The principal function of structures composed of the collagen-type 
molecule is to give mechanical support or transmit tension as in 
tendons. In animal tissues the chief substance performing the same 
functions is chitin, and chitin and collagen appear to replace each 
other in a peculiar way. The principal fibrous product of the ectodermal 
epithelium in annelids 2.e. the cuticle, is a collagen-type structure, 
Figure 18b. By contrast the cuticle of arthropods is composed of the 
polysaccharide, chitin, and a f-type protein. In this respect the 
chitin system replaces collagen ; and a further example is the chitinous 
tendon in arthropods, the analogous structure in vertebrates being, of 
course, collagen. In annelids only certain local regions produce chitin, 
as in the bristles and the lining of the crop, while most epidermal cells 
produce collagen. In arthropods the capacity for producing chitin has 
spread to substantially all epidermal cells with loss of the collagen- 
producing function. As far as the nature of the materials used is con- 
cerned, this is one of the most striking types of replacement in nature. 
In seeking some clue to the phenomena we should note that acetyl- 
glucosamine is the basic monomer of chitin, while acetylgalactosamine 
is a prominent constituent of chondroitin sulphuric acid which is 
associated with collagen. It is just possible that some change in the 
nature of the sugars produced determines whether the chitin system or 
the collagen system will be developed as the basic material of cuticle 
or tendon. 

The main types of extended polypeptide chains which have been 
recognized, and the principal features of intramolecular bonding have 
now been described. These things are fundamental to the harder 
problems concerning the various ways in which polypeptide chains 
can be folded upon themselves. We can at least foresee some of the 
regular types of folding and these simpler cases have been indicated. 
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Other natural polymers besides proteins add to our list of fundamental 
structures. There is special interest in the polysaccharides because of 
the complexes they form with proteins. 


POLYSACCHARIDES 


We shall consider here only a few principal points concerning straight 
chain polysaccharides. The simpler straight chain types e.g. cellulose, 
chitin, alginic acid and pectin are important since structurally they are 
fairly completely analyzed and they show very clearly certain principles 
of fibre structure that have undoubtedly helped to give confidence in 
interpreting more complex natural polymers such as the fibrous 
proteins. 


OH OH CH,—OH OH OH 
CH—CH CH—O CH—CH 
Cellulose § —O—CH CH—O—CH tH—o—cH CHO 
‘CH—O ‘CH—CH ‘CH—O 
CH,—OH OH OH CH,—OH 
CO—CH, CO—CH, 
OH NH CH,—OH OH NH 
bu—cu CH—O CH—CH 
Chitin —O—CH CH—O—CH CH—O—CH ao 
‘cH—o ‘CH—CH ‘cH—O 
CH,—OH OH NH CH,—OH 
CO—CH, 
OH OH COOH OH OH 
CH—CH CH—O CH—CH 
Alginic acid ff = j = 
and Pectin —O—CH CH—O—CH CH—O—CH CH—O— 
me / \ \, 
CH—O CH—CH CH—O 
Coox OH OH COOH 


In each of the above polysaccharides only one monomer is present, a 
fact contrasting with the diversity of the units making up a natural 
polypeptide as in J. The polypeptide analogue is to be found in 
synthetic products like polyglycine, polyalanine efe but many natural 
polysaccharides must exist in which the repeating sugar units are of 
many different kinds, and thus we can see a basis for their specificity. 

Cellulose is the most abundant polysaccharide in nature and virtually 


61 








FUNDAMENTAL STRUCTURES IN BIOLOGICAL SYSTEMS 


makes possible plant life as we know it. It has been studied most 
extensively because of its great commercial importance. Chitin is 
structurally very closely related but is much more abundant in animal 
structures. It has such an important place in the structure of Arthropods 
that in a sense it makes this group of creatures possible. The obvious 
function of cellulose and chitin is as a mechanical support. We may 
suspect other functions but do not know of them definitely. 

Two major interests in the intensive study of these polysaccharides 
centre around the two questions : 

a What reactions do they have with proteins or other biomolecular 

substances ? 
b What is the mechanism of their synthesis and of their secondary 
fabrication ? 

The approach to these questions has been through the study of the 
purified polymers. For cellulose, Figure 19, alginic acid, Figure 20, and 
chitin, Figure 24, the crystallography requires an equal number of 
chains running in opposite directions as in Figure 21, which are views 
of crystal cells down the length of the molecular chains. 

This sets some limit to what 
must happen during the deposition 


¥ 3 of the chains. The simplest view 
; Cai a ae | . 
| O T if : is that when synthesized the chains 
: | . 
e @—o-——@ arecomparatively short and capable 


C @ Chomns of free rotation. They could aggre- 

° o ” Sane oe gate as short-length crystallites and 
. : ; : then be polymerized secondarily 
Figure 21. Unit cells of a cellulose, into the relatively huge fibrils we 


b alginic acid, and ¢ chitin : 
ee in the electron microscope or 


optically. On the other hand, if cellulose and chitin are produced as 
oriented growths from the beginning with great fibre length, then it is 
likely that an equal number of chains are produced of opposite direction. 
If intimate association with a protein surface is necessary during the 
production of these polysaccharides, opposite direction of chain de- 
position could be readily explained by the opposite directions of poly- 
peptide chains. In a protein monolayer of the B-type it is relatively 
certain that neighbouring chains run alternatively up and down. 

The structure of the fibrils of cellulose and chitin is comparatively 
well known, but the intramolecular processes occurring between 
synthesis and fibril formation are much more obscure. Recognition of 
some of the intermediate steps should take us nearer an understanding 
of the growth of these fibrils and the primary conditions obtaining 
during the synthesis of the constituent molecular chains. 

The chitin system is of particular interest as it shows well defined 
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modification of structure in its natural association with protein!®, This 
has a bearing on problems of cellulose production on the one hand, 
and on the protein/polysaccharide complexes of mucopolysaccharides 
and mucoproteins on the other. Chitin is a condensation product of 
N-acetylglucosamine which is an important constituent of mucins and 
occurs as a prosthetic group in proteins. There are some curious things 
about the internal bonding in chitin. The main symmetry elements in 
the crystal have been deduced from x-ray fibre photographs of lobster 
tendon by MEYER and PANkow and they favour the space group P 2, 2 2, 


and give cell dimension of a=g-4, b = 10-46, and c = 19:25 A. 
The cell of Figure 22 pictures 
the chains as separated by 96 A eS ae js 
in the direction of the plane of SS SG a = L 
the sugar rings, and by ca 4°65 A f YES oa i ican 
‘ ‘ ‘ ‘ ‘>| 1] 
in a direction perpendicular to (t Ay > b)(t As. 
. a ae + YY ? | r ‘ YY te> N 
this. Chitin is a structure of great 1 Bed yao 7 "3 22 
chemical resistance and tensile %< aa leas Ea Ft 
Sat OAPs. “<p kee ~<—p- | 
strength and it is only natural to 2 nied tel 
ask questions about the internal a aa 
figure 22. Unit ces of chitin 


molecular linkages. Hydrogen 
bonds, such as are present in cellulose, are ruled out along the c axis 
of chitin because of the large chain separation. 

Because of the aminoacetyl side chains there is the possibility of 
C=O ---N—H bonding of the type common in proteins, and this 
would give a ready explanation of the 4-65 A separation found both 
in proteins and in chitin. Chitin has a well defined orthorhombic 
lattice as is also the case in typical -proteins. 

If we attempt to make C=O - - - N—H bonds between chitin chains 


according to the lattice of Figure 22, we find these are of two different 


NH 
CO NH 
co le Cc of NH CO Nt 
4  cpataniaaas _ ~\ 
NH ne tg ene 
NH - 
~<a co NH 
Co fen ‘ili : ~ 
NH * emiaiaas co 
- CO NH 
co CO! NH CO NH 
¥ hi eee ‘“ = —— 
NH NH “s 
ne ee ee a 
a b C d 


Figure 23. Bonding by C=O-++-N—H groups in chitin 
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kinds: the cell can be divided into two different piles of chains viz 
those related by a twofold rotation axis as in a and those related by a 
screw axis as in b. 

Within the pile of chains of the type b the ordinary trans bonding of 
CO and NH groups is possible, while in the arrangement a there is 
no C=O---N—H bonding unless the side groups rotate and give 
cis-type bonding as in c. 

In an infra-red study of purified insect cuticle chitin DARMON has 
found strong absorption corresponding to two types of NH-stretching 
frequencies which from work by DarmMon and SUTHERLAND®® are 
believed to correspond to the trans and cis types of C=O: - - N—H 
bonding. ‘These appear to be the principal intramolecular bonds in 
chitin, for there is no evidence of frequent bonding between hydroxyl 
groups, but the latter type of bonding, which is characteristic of 
cellulose, does become prominent when chitin is changed to chitosan 
where half the acetyl and amino groups are removed. The two 
different piles of chains, as depicted in Figure 23, give a possible ex- 
planation as to why half the acetyl and amino groups are lost during 
the formation of chitosan. At present we cannot say whether this loss 
takes place in the a or in the b type of pile. 

The above observations support the type of lattice which has been 
derived from x-ray studies. We also learn that the principal inter- 
chain bond in chitin is of the same type as the characteristic backbone 
linkage in proteins. As regards sets of chains this linkage in chitin is 
probably directed as in Figure 3c. 

The structure of purified chitin which we have been considering is 
present only rarely in natural structures. Where the condition of the 
natural membrane is fresh and nearest to that in which the substance 
was synthesized there are marked disturbances in the lattice in planes 
at right angles to the molecular chain axis. In addition, as in Figure 25, 
it is very striking how the 010 reflection is strongly apparent. Inter- 
mediate conditions between this and the effective absence of 010 as in 
pure chitin, Figure 24, are shown by Phycomyces chitin and the chitin of 
the ovipositors of Sirex gigas, Figure 26. Here there is spreading of 011 
along the layer lines to make a streak comprising 011 and 010. In this 
series, in all probability, we have polymorphic transition between two 
forms, the one being characteristic of pure chitin and the other 
characteristic of natural blowfly larval cuticle and a wide variety of 
other soft cuticles in Arthropods. Typical of the latter is the enlarged 
spacing along the c axis, Figure 27, and this is shown also by the natural 
Phycomyces structure which is compared with purified insect chitin in 
Figure 28. The pure chitin lattice is very stable, but the modified chitin 
lattice of soft insect cuticles is highly unstable. It changes readily to 
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the pure chitin lattice when the protein content is altered by heat or by 
dilute acids and alkalis. By contrast the modified lattice becomes highly 
stable after fixation of the protein by tanning. The data thus encourage 
the view that the pure chitin lattice is an end product of degenerative 
processes, while in the native state of natural membranes the modified 
chitin lattice is to be interpreted in terms of interaction between pro- 
tein and polysaccharide. The type of protein occurring in association 
with chitin is highly water soluble and exists naturally in the 8-form. 
The main dimensions of chitin and this protein are essentially identical, 
as is evident from the comparison photographs of Figure 29. They 
could form comparatively stable interpenetrating lattices, and one 
model based on these data has already been considered. But a number 
of other models are conceivable especially those linking chitin and 
protein via the C=O--- N—H type of linkage, or, considered rather 
from the 8-polypeptide grid aspect, main chains could be weakly cross 
linked by a chitin chain as in Figure 3o. 

This seems a reasonable sug- 








gestion to account for the sta- 

bility of insect cuticle protein 

4 rH when within the cuticle, and its 
LA a ie "iF 2 eine 

Aj \ >> Y Polyocetyr- high water solubility and low 

A A g/ucosamine ° . : 

Stained viscosity when extracted. It 
offers also a possible model to 
account for the rather similar 
properties of hyaluronic acid 

Polypeptide . . : 
Choins which, as extracted, is less 
Figure 30. Possible interaction, between proteins and viscous than when inact with 
polysaccharide chains containing acetylglucosamine tissue proteins, where it forms 
residues 


a highly viscous system. Hyal- 
uronic acid contains equimolecular proportions of the residues of 
acetylglucosamine and glucuronic acid. These may be arranged as 
A A and A’ A’ respectively in Figure 30. Whatever may be the final 
details of these interactions the guiding principles are bound to lie in 
the forms of the chain molecules concerned and the potentialities of 
reactive groups. 

A remarkable type of polysaccharide chain has been elucidated by 
AsTBURY’s investigation of alginic acid? 9°, Figure 2r. [his is a 
condensation product of 8-d-mannuronic acid, as shown on p 61, and 
has much the same association with cellulose in certain algae as pectin 
(poly-a-galacturonic acid) has more generally in plants. And according 
to present indications alginic acid and pectin have a closely similar 
molecular structure. The surprise in the alginic acid structure is its de- 
parture from the usual configuration of the 1,4 linkage of sugar residues. 
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According to the diagrams of Figure 31,which view the ring of one 
sugar residue face on in a and edge on in b, the residues in the cellulose 
type are linked through 
oxygen atoms placed at 
bond positions O,, Oj, 
while in the alginic acid 
type the linking oxygens 
are at O,, O,. These 
alternatives give identity 
periods of 10-3 A and 
8-7 A, respectively. This 
is only the beginning of 
the story of straight chain 





a b ; 
polysaccharides. Increas- 
Figure 31. ‘Face on’ a and ‘edge on’ b views of sugar residue 


4 : 4 y ~ ila , + ar > 
from alginic acid or pectin structure ing < omple xity can arise 


where both types of link- 
age in Figure 31 are used within the same chain. Further complexities 
arise from spirally coiled chain types and from the branched chain types. 


POLYNUCLEOTIDES 


The continuous stream of new information about nucleic acids testifies 
to the importance of these fundamental structures. Attention is focused 
on their association with protein to form a self-reproducing system 
within cells. Genes and viruses appear similar both in principles of 
structure and in the deeds they perform. Physical studies of nucleic 
acids establish the basis on which they can be considered as fibrous 
structures, and suggest the kind of interaction these linear bodies have 
with fibrous proteins. 

The nucleotides which form the unit of structure in nucleic acids 
are each composed of three kinds of substances, a base (purine or 
pyrimidine) a pentose sugar (ribose or desoxyribose) and phosphoric 
acid. These units become polymerized through the phosphoric acid 
group and give rise to a close-packed pile of nucleotides. In Figure 32a 
this polynucleotide pile is pictured in name, while in Figure 32b the 
skeleton of part of the molecule is shown. 

This plan of structure is that which the x-ray analysis supports, but 
it is only with sodium thymonucleate that satisfactory diffraction 
patterns have been obtained. Sodium thymonucleate films can be 
drawn into fibres in which the chain molecules are highly oriented 
parallel to the direction of stretching ; the axial repeat of pattern 
gives an intense reflection of spacing 3-3 to 3-4 A, Figure 33. AsTBURY’s 
interpretation is that this represents the distance between successive 
flat nucleotides closely packed like a pile of pennies*!. A vast amount 
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of additional information on the diffraction patterns has already been 
obtained. Whereas much of this remains incompletely understood, it 
is already clear that along the fibre axis of Figure 33 there are much 
larger periodicities which doubtless have their origin in unique 
arrangements of nucleotides, thus giving a basis for the specificity of 


Base—Sugar 


Phosphoric acid 


Base—Sugar 





‘Phosphoric acid 
Base—Sugar 
Ke ; 
Phosphoric acid 


a b 


Figure 32. a Composition of a polynucleotide and b molecular skeleton 


nucleic acids. Sodium thymonucleate has a well defined micellar 
structure due to the regular side by side aggregation of the columns. 
The electron microscope has revealed long thin fibrils deposited from 
dilute solutions of viscous thymonucleic acid, and these are almost 
certainly equivalent to the micelles recognized by x-rays. 

In one sense the above data provide only further quantitative in- 
formation about a polymer, but this becomes particularly vital when 
considering nucleic acids in association with proteins. ‘The basic idea 
about the physical details of this association is that nucleotides and 
amino acids are both distributed at intervals of ca 3-4 A along the 
chains of polynucleotides and §-proteins respectively. Thus where 
nucleic acid and protein chains are brought together groups could 
interact without distorting either kind of chain. The nucleic acid 
column is saturated with reactive groups, for example, acidic phos- 
phoric groups on the axis of the column and basic —NH, groups of the 
superposed nucleotides. The salmon sperm protein, clupein, is par- 
ticularly rich in basic groups due to its high arginine content, so that 
interaction between nucleic acid and clupein should produce a par- 
ticularly high concentration of salt-like cross linkages. Tough mem- 
branes are produced by the above interaction, and an x-ray fibre 
photograph of this nucleoprotein is illustrated in Figure 34. The basic 
structure of the nucleic acid column is still clear but there are obvious 
alterations in the side to side arrangement of chains, which can be 
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appreciated when this diagram is compared with that of the sodium 
thymonucleate, Figure 33. As the pattern of Figure 394 has not been 
extensively analyzed we cannot say how neatly the nucleic acid and 
protein chains fit on one another, but we do know that the columnar 
nature of the nucleotides is not disturbed. 

The simplest association of nucleotide column and f-protein chain 
would be in a 1 : 1 ratio between nucleotide and amino acid residues. 
Chemical analysis of the artificial clupein thymonucleate gives a ratio 
of 2 : 3, a figure which corresponds closely to an equivalence of nucleic 
acid acidic groups and clupein basic groups®*. To account for this, 
various distortions of the clupein chains have been suggested taking us 
away from the concept that the similar spacial distribution of nucleo- 
tides and f-chain amino acids is of special significance. Further, 
reports that the fibrous product of combination between nucleic acid 
and edestin, which contains many acidic groups in addition to basic 
groups, gives a diffraction pattern in which neither nucleic acid 
structure nor protein structure can be recognized, serve to emphasize 
how both polymers may be greatly distorted from the straight chain 
form as a result of interaction. 

We can proceed a little further with the structure of thymonucleic 
acid and nucleoprotein. x-ray diffraction patterns of whole thymus 
gland of the mouse reveal unmistakably the strong repeat of pattern 
of 3-3 to 3-4 A, Figure 35. This pattern is of dried, lightly flattened gland. 
Where attempts were made to produce higher orientation, by double 
compression in two directions at right angles, certain changes of struc- 
ture occurred. In Figure 36 the nucleic acid period 3-3 to 3-4 A has 
increased in intensity and improved in orientation, but a distinct 
pattern of the 8-protein type has also appeared. This latter may result 
from a transformation of folded polypeptide chains to the extended 
B-form, or it may result from the separation of protein which was in 
combination with nucleic acid. Similar compression of liver tissue did 
not produce this distinct B-type protein, which appears to be a special 
manifestation of conditions in the thymus gland. It is, however, satis- 
fying to know that the typical nucleic acid columns exist within the 
intact gland as a dominating structure and that there is a considerable 
protein fraction capable of existing in the fully extended §-form. 

No simple explanation has been found of the self-reproducing 
properties of nucleoproteins nor of the much more complex affair of 
how they determine all kinds of changes in the structure and function 
of the host ; but some understanding of the structure of nucleic acids 
and of protein chains has been achieved and we can see how these 
may become associated in the performance of their duties. 
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Transition layers between the epithelial cells and 


the formed fibril layers of the earthworm cuticl 


Figures 38 and 39. 











ORIENTATION PHENOMENA 


Many studies have been devoted to structures with well defined 
molecular orientation because these conditions seemed likely to reveal 
important things about the way in which biomolecular substances are 
organized during growth. Regular orientations are frequently shown 
by natural fibrous substances, both polypeptide and polysaccharide in 
nature. The principal kinds of orientation are : 


1 the alinement of molecular chains parallel to a given axis 

2 orientation of a crystal axis perpendicular to a natural surface 

3 the regular crossed fibre directions in natural membranes, com- 
monly spoken of as crossed lamella systems 


Mechanical forces— In certain cases the first two types are satisfac- 
torily explained in terms of simple mechanical forces. For example, 
tension in a given direction produces parallel orientation of molecular 
chains and this is the explanation of the parallel orientation in natural 
silk fibres or the transverse orientation of chitin chains of the blowfly 
larval cuticle during pupal contraction®*. Here mechanical forces are 
wholly responsible for the orientation of the chains. 

The second type of orientation can be produced in experimental 
material in several ways. The simplest is to allow a wet membrane to 
dry and then the preferred orientation occurs spontaneously in certain 
materials, such as bacterial cellulose and soft insect cuticle systems. 
In a wider variety of materials a similar effect is achieved by pressing 
a membrane between glass plates. Another somewhat different pro- 
cedure is to apply lateral tension to a membrane, and then the longer 
of the two smaller axes may become parallel to the plane of the surface. 
Thus where there is stretching of a membrane, or internal pressure due 
to turgor, preferred orientation of crystallites with reference to the 
plane of the surface is likely to occur. 

Intermolecular forces— The most interesting cases are those where no 
simple mechanical explanation is available and indeed the explanation 
may be very complicated. The phenomena may be broken down into 
the properties of particles or single molecules. Even if these are nearly 
globular they will often be polarized in structure and reactivity. Inter- 
action between such particles will lead to polymerization in only one 
direction, or mainly in one direction with side to side aggregation as 
well. The classic example is fibrin, which produces needle-like growths 
visible in dark field or ultramicroscope ; an older example is the 
reprecipitation of collagen, while the electron microscope has revealed 
very numerous cases of a similar kind. Intermolecular forces are 
responsible for the orientation in these cases, sometimes involving 
enzymes as in the fibrinogen-fibrin change, and sometimes weaker 
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cohesive forces as in the production of fibrous actin and fibrous tropo- 
myosin. There is no difficulty then in appreciating the general nature 
of the production of an oriented fibril in isolation, but to explain, for 
example, why a whole muscle fibre has a uniform parallel orientation 
of molecular chains is much more difficult. Some factor is involved 
which controls the orientation of all the particles over a large area. 
The long range molecular forces, such as hold a dilute solution of 
tobacco mosaic virus in a high degree of orientation, are a possibility?*. 
What determines the axis along which these linear fibrils extend 1s the 
basic problem in muscle fibril orientation and in numerous other 
instances as well. 

The problem of the orientation of fibrils in crossed lamella systems 
is even more complicated, but some progress has been made here 
concerning the factors involved. The development of the extracellular 
cuticle in annelids has been studied extensively with the electron 
microscope**, ‘The basic structure here is of the collagen type. In the 
earthworm the completed cuticle consists of a number of layers of 
parallel fibrils, the direction of the fibrils lying at right angles in alter- 
nate layers. The production of these layers at the surface of the epithelial 
cells may be studied and information obtained on two principal 
points viz the processes by which fibrils are formed and the manner in 
which the pattern is determined. More general aspects have been 
described elsewhere**, but the three electronmicrographs, Figures 37, 38 
and 39, show main features of the development of the cuticle pattern. 
Figure 37 shows the two lowermost layers of the cuticle proper 2.e. 


JZ 


where definite fibrils are already formed, while Figures 38 and 39 show 
the predominantly granular layers between the cuticle proper and the 


epithelial cells. The conspicuous granules of Figure 39 indicate that the 
crossed pattern is determined at the cell surface by the production or 
adsorption of these particles at regularly arranged sites. Often the 
obvious granules, which are about o-1 » in diameter, are clearly sub- 
divided into a large number of much smaller corpuscles. Figure 38 
represents an intermediate stage between those of Figures 37 and 39, and 
shows the development of ridges in a preferred direction corresponding 
to one of the fibre layers. 

The figures suggest many complex phenomena. Primarily they 
indicate the presence of minute corpuscles as the fundamental unit of 
the fibrils. The actual width of the fibrils seems to be determined by 
the aggregation of the smaller corpuscles into larger discrete granules. 
These larger bodies are arranged in a regular array which gives the 
basis for the crossed lamellar system. In one layer they become alined 
along a specific direction, and according to Figure 38 this seems to 
occur by the disaggregation of the component corpuscles of the large 
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granules. The determination of this preferred direction may lie in 
the particular polarization of that layer of granules, and that of the 
next successive layer by a polarization in a direction at right angles. 
These studies bring out some of the complex phenomena involved in 
orientations that occur over large areas. The earthworm cuticle may 
be described as an open network of comparatively wide fibrils. A 
limiting structure can be envisaged where the smallest corpuscles are 
in close packed array of the hexagonal type or in square net array. 
Polymerization along rows of corpuscles in these arrays would lead to 
parallel orientation of narrow fibrils closely packed side by side. 

Molecular chains and biological problems— Nearly the whole of living 
matter is included in the range ‘ chain molecules to visible fibres and 
membranes’. We aim to discover how the chain molecules are pro- 
duced, often with their diverse components accurately arranged 
according to countless different plans. How do these first fibres 
become arranged neatly within a protein corpuscle for example, 
or within a protein fibril? Quest for knowledge of these most magni- 
ficent of all molecules is bound up with details of the structure and form 
of polypeptide chains. Interactions of polypeptides, polynucleotides, 
polysaccharides and lipoids, as well as all the secondary fabrications of 
chain molecules, are other things we have to learn about in order to 
understand living matter. These structural aspects carry the study of 
anatomy to its foundations. Those who work from the field of optical 
microscopy through the new knowledge that the electron microscope 
provides come into ever closer contact with the fundamental structures 
we have considered. Real knowledge of these things will illuminate 
the whole path that has been covered. 

From the functional aspects we are interested in how things go wrong 
within the realm of our fundamental structures, or how they are 
modified in the course of evolution. Many a biological phenomenon 
is an event of chains. Well emphasized among these is the concept of 
the polypeptide chain as a dynamic system capable of a series of trans- 
formations in the process of which it does work. Here we are closing 
in on the long mystery of muscular movement ; and we may also 
throw light on many other types of motion in biological systems. 
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SCATTERING OF VISIBLE LIGHT AND 
X-RAYS BY SOLUTIONS OF PROTEINS 


G. Oster 


THE size, shape, and relative positions of protein molecules may be 
determined by visible light scattering and by x-ray scattering. These 
parameters may be determined when the protein is subjected to any 
physical or chemical condition and may conveniently be studied as a 
function of time. From the variation in relative positions of the 
particles with protein concentration, the equation of state of the 
solution (the osmotic pressure as a function of concentration) and, 
consequently, the nature of the interparticle forces may be deduced. 
Besides being of interest in their own right, protein solutions may serve 
as possible models of biological structures ; for solutions of certain 
proteins such as those of haemoglobin and of tobacco mosaic virus, 
they appear to be similar to the actual state of these proteins as they 
exist in living cells. It should be possible to determine the size, shape 
and relative positions of macromolecules in living cells and tissues by 
means of scattering but many technical difficulties in such measure- 
ments must first be overcome. In any case, the cytologist must be 
aware of such scattering effects when critically evaluating optical 
observations made on biological structures. In this chapter a summary 
of the results of the theory of scattering will be given and will be 
illustrated by examples with protein solutions. 

The scattering by matter of visible light and of x-rays arises from 
the same origin. The electric field associated with the incident 
radiation induces periodic oscillations in the material. The material 
then serves as a source of secondary radiation and scatters radiation 
with a wave length equal to that of the incident radiation. The 
relatively small amount of radiation which is emitted with altered wave 
length (e.g. Raman effect, Compton effect, and fluorescence) will be 
neglected. The dependence of the total intensity of scattering on wave 
length for visible light is different from that for x-rays but for protein 
solutions, at least, the angular distribution of scattered radiation will 
be identical, for a given particle size to wave length ratio for the two 
cases. This arises since with all substances the index of refraction for 
X-rays is very close to unity and for visible light the index of refraction 
of proteins relative to water is nearly unity (about 1-15), from electro- 
magnetic theory it follows that the angular distribution of scattering 
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will be determined by the geometrical arrangement of the scattering 
elements, treated as dipole scatterers, making up the protein particle. 
If the system consists of many particles not randomly arranged with 
respect to one another, the interferences between the scattered wavelets 
from each of the particles must be considered. 

The formal identity of the theory of visible light and of x-rays is 
convenient since it allows a direct comparison of the results obtained 
from experiments using radiations which differ in wave length by the 
order of one thousand. The problem of scattering naturally divides 
itself into four categories depending on whether the particles are small 
or large compared with the wave length and whether or not they 
occupy independent positions in space relative to one another. 


SMALL INDEPENDENT PARTICLES 

By small particles we mean here particles whose largest linear dimension 
is about one tenth the wave length of the radiation. Since we are 
dealing with proteins, this condition is satisfied by using visible light as 
the radiation and the particles are smaller than 50 mp, corresponding 
for spherical proteins to a molecular weight of about 50 million. The 
condition of independence of the particles is satisfied if the solution is 
thermodynamically ideal. 

For small optically isotropic scatterers the intensity of scattering is 
proportional to 1 + cos*@ where @ is the angle between the observer 
and the proceeding incident beam so the scattering is symmetrical 
about go° to the incident beam. When a beam of light traverses a 
light scattering system its intensity is decreased by virtue of the energy 
withdrawn from the beam in the form of scattered radiation. For 
colourless particles the logarithm of the fractional decrease in the 


transmitted intensity / is given by the turbidity 7 where /=J/, exp (—7/), 
I, being the initial intensity and / the path length of the scattering 
0 g ; I ina i g 
system. Application of RayLeicu’s law! for independent point 
scatterers in solution gives? 

7 = HcM 

H 328 ny? (* **) (1) 

3NA4 c 


where ¢ is the weight concentration in gm protein per ml, MM is the 
molecular weight, A is the wave length of the incident light, NV is 
Avogadro’s number, n, is the index of refraction of the medium, and 
n is the index of refraction of the solution. For protein solutions the 
index of refraction increment n — n,/c is independent of the concen- 
tration and is equal to about 0-17. 

There are a wide variety of experimental arrangements for making 
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light scattering measurements on systems of low turbidity. In general 
one needs a strong monochromatic source of light e.g. a high pressure 
mercury lamp with suitable coloured filters, and a very sensitive device 
at right angles to the beam for determining the scattered intensity such 
as a photomultiplier tube or, if a matching is made of the scattered 
intensity with the intensity of a portion of the incident beam, the 
dark-adapted eye is suitable. The incident beam may be convergent 
with its focus at the centre of the scattering sample or may be rendered 
parallel with suitable lenses. The system must be rendered free from 
stray radiation by coating the surfaces of the scattering cell and the 
lenses to reduce reflections from the incident beam and the scattering 
cell and detector must be protected from outside light. The absolute 
turbidity of the sample may be determined by comparing the intensity 
of scattered light with that for a liquid of known turbidity such as 
carbon disulphide. 

If the solution is sufficiently turbid the absolute turbidity may be 
measured directly in a conventional colorimeter or spectrophotometer. 
In figure 1 are shown the results 


| . 3 x . 
| e ee obtained with a spectrophotometer 
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Figure 1. Optical density as a function of presence 
inverse fourth power of the wave length for absorbing in the ultra violet. The 
bushy stunt virus in water © - ; : 
: molecular weight of the virus 
particles (spherical particles about 30 my in diameter) calculated from 
the slopes of the curves is in agreement with that determined by other 
methods. The turbidity of the pure solvent is automatically taken 
into account when the turbidity of the solvent is taken as the zero 
reading on the spectrophotometer. The light scattering method gives 
the molecular weights of the dry protein, since the water of hydration 
of the protein has nearly the same refractive index as has the solvent 
water. 

Purzeys and BrosTrEaux‘ were the first to use light scattering to 
determine the size of proteins. They found that the intensities of 
scattering from solutions of ovalbumin, amandin, excelsin, and haemo- 
cyanin were directly proportional to the molecular weights of these 
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proteins determined by other physico-chemical methods. In recent 
years the absolute molecular weights of some of the smaller proteins 
(ovalbumin®, rabbit antiserum® and serum albumin’) have been 
determined by light scattering and the molecular weights found are 
within 10 per cent agreement with those found by other methods. 
These protein solutions exhibit no depolarization 7.e. the light scattered 
at go° is perfectly plane polarized indicating that the particles are 
optically isotropic. 

Equation 1 is the scattering for a monodispersed system. For a 
polydispersed system of »; (per unit volume) small isotropic particles 
of volume v,, equation 1 becomes 

T= Axyju;" salvia) 
where A is a function of the wave length and of the index of refraction 
increment (note that vy = cM/N and M~v). Thus, for a mixture of 
different size particles the turbidity is weighted in the direction of the 
larger size particles. It is necessary, therefore, if the scattering from 
the smaller particles is to be studied, to clarify the sample, preferably 
by centrifuging, to remove the larger particles. Equation 2 has been 
used to obtain expressions for the turbidity as a function of time for 
kinetic processes’. The variation of the turbidity with time can give 
an indication of the type of polymerization or degradation process 
occurring in the system and the rate constants of the elementary steps 
in the process. Examples of such processes studied by time rate of 
change of the turbidity are given by observations on the rate of salting 
out of bushy stunt virus*, the precipitation of ovalbumin and its 
antiserum§, and the slow aggregation of ovalbumin’?. 


SMALL NON-INDEPENDENT PARTICLES 


For non-ideal solutions the thermal motions of the particles are 
not independent and, therefore the total intensity of scattered light 
will not be the mere summation of the intensities from the individual 
particles. Some destructive interference will occur and result in a 
decrease in intensity of scattered light from that expected for the same 
concentration of independent particles. The phase relations ean be 
computed in terms of the radial distribution (the probability of finding 
a particle at any distance from a reference particle) and this will be 
done in the last section of this chapter. However, the scattering for a 
non-ideal solution of small particles may, by the application of the 
theory of fluctuations, be directly related to the osmotic pressure of 
the solution. According to this theory the particles in solution are 
not uniformly distributed in space, but rather, in any small volume of 
the solution the number of particles varies from instant to instant as a 
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consequence of their thermal motions. The local fluctuations in 
density of particles will give local inhomogeneities in refractive index 
and will scatter light according to the SmMoL_UCcHOwsKI-EINSTEIN 
equation 1 1! (for simple derivation see OsTER?) 

RTc , 

OP/éc , 
where R.is the gas constant, 7 the absolute temperature, and P the 
osmotic pressure of the solution. The osmotic pressure of a solution 
may be written as a power series in ¢ which for dilute solutions becomes 
CRT 

M 


where B is a measure of the deviation from ideality. Substituting 


P Bc? Sear 4) 


equation 4 into equation 3 we obtain 

ie 2. se 

M RT 

Thus, at low concentrations a plot of H(c/r) against ¢ gives a straight 
line whose intercept is the reciprocal of the molecular weight and 
whose slope is determined by B. At infinite dilution (¢c — 0) equation 
5 reduces to equation 1, the case for independent particles. At high 
concentrations the higher terms in the power series for P become 
important and the //(c/r) against ¢ curves upwards. 

For protein solutions B will be determined only by the shape and 
the interactions of the particles ; the more elongated the particles and 
the greater their mutual repulsions the greater the value of B. Formally 
B also contained a term expressing the interaction of the particles with 
the solvent. For proteins, however, the heat of interaction (heat of 
dilution) is not important except at extremely high protein concen- 
trations. ‘That is, when a small amount of water is added to a dry 
protein there is vigorous interaction of the charged groups of the 
protein with the water (water of hydration) with a consequent 
evolution of heat. On further dilution, however, there is no appreciable 
heat evolved. For elongated particles such as tobacco mosaic virus 
solutions, for example, light scattering studies!! show that B is greater 
the lower the electrolyte concentration 1.¢. the greater the thickness of 
the repelling ionic double layer around the particles. When sufficient 
electrolyte is added to reduce the thickness of the layer, the value of 
B observed is consistent with that calculated for a rod 280 mu in 
length and 15 my as is observed by other methods. For proteins B 
should be a minimum at the iso-ionic point where the electrostatic 
repulsive force between the particles is a minimum. _ EDSALL, 
EpELHOCH, Lont1 and Morrison*‘ have found this to be the case for 
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solutions of bovine serum albumin. They further found that the 
minimum in B shifts to more acid pH values for higher sodium 
chloride concentrations indicating binding of chloride ions by the 
protein. 

The light scattering method of determining the osmotic pressure is 
particularly useful in the case of large particles such as viruses whose 
osmotic pressure is extremely difficult to measure by conventional 
methods. Even for small protein molecules the light scattering method 
is useful since one may work with low electrolyte concentrations where 
Donnan membrane corrections for an osmometer render the latter 
method useless. 


LARGE INDEPENDENT PARTICLES 


Particles which have a linear dimension comparable or greater in size 
than the wave length of the incident radiation will scatter more light 
in the forward than in the backward directions. The theoretical 
angular distribution of scattering is given by the solution of the electro- 
magnetic problem of a plane wave falling on a particle with index of 
refraction close to that of the medium in which it is imbedded. For 
a sphere of diameter Z and of uniform scattering material within it 
the relative scattering F? (the intensity is taken as unity at 0 = 0) Is 


given}? by 
3 2 
| ; (sin z — zZcos 2 | awe 
zg 


where z = 27L/2’. sin (6/2) and 2’ is the wave length of the radiation 
in the medium. For x-rays, 4’ is the same as the wave length of the 
incident radiation but for visible light A’ = A/no, where n, is the visible 
light refractive index of the medium in which the particles are located. 

Equation 6 must also be multiplied by 
f pees the polarization term symmetrical about 
| | go°, namely, by 4(1 + cos?6). That is, 
superposed on this symmetrical curve 
is a curve (equation 6) giving greater 
scattering in the forward directions 
(@ <go°). In the limiting case of very 
small particles (L/A << 1) F? is nearly 
unity for all z. In the limiting case of 
extremely large particles (L/A >> 1) 
the angular distribution of scattering be- 
comes that calculated from geometrical 





























optics?. 
A . 
; Figure shows curv 2 
Figure 2. F* versus z for rod, disc, §' «i . curves for f sertion 
and sphere function of z for spheres (of diameter 
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L), thin rigid rods (of length Z), and thin circular discs (of dia- 
meter L). The relative scattering is reduced to one half the value 
it has at @ = o° at z equal to 1°76, 2°05, and 2-80 for spheres, 
discs and rods respectively. Using x-rays (say the Aa line of copper, 
A = X’ = 1°54 A) the intensity will be reduced to one half at @=0-7° 
for a spherical protein of diameter L = 75 A (M~ 175,000). Using 
visible light (say the green line of mercury, A = 546 my, A’ = 410mzyp), 
the intensity will be reduced to one half at 6 = 45° for a spherical 
protein of diameter L = 130 mp (M~600 million). Thus, for 
X-ray scattering of proteins, measurements must be made extremely 
close to the transmitted beam. This difficulty has been overcome in 
recent years by the use of high-powered x-ray tubes with large 
specimen to photographic plate distance, bent crystal focusing 
arrangements, and double crystal spectrometers. Small angle x-ray 
apparatus is reviewed by Rirey!*. For visible light scattering the 
angles of observation are large 
and the angular distribution may 
be detected by a photomultiplier 
tube mounted on an arm capable 
of rotation about a_ vertical 
axis}, 15, 

In Figure 3 is shown the angu- 
lar distribution of light scatter- 
ing for dilute solutions of tobacco 
mosaic virus?. Figure 3a shows 
the relative intensity of scatter- 
ing of green light as a function 
of angle for a sample of the virus 
which had been rendered nearly 
biologically inactive by having 
been subjected to strong sonic ir- 
radiation. This sample is shown 
by direct examination in the 
electron microscope?!® to consist 
of rod-shaped particles one half 
the length or shorter than the Figure 3. Angular scattering (A 546 mp) for 


: : : : solutions (0°01 gm/100 ml! buffered at pH 7-0 
normally biologically active virus of a tobacco mosaic virus which had been subjected 


(L = 280 my). The curve of — @ Sonic irradiation for 64 min, and b normal freshly 
purified tobacco mosaic virus 





Figure 3a shows only a slight dif- 
ference in angular scattering from the symmetrical polarization curve 
$(1 + cos® @) ; for x-rays the polarization term is nearly unity since 6 
is close to zero. For the normal virus, however, Figure 3b, the intensity 
is twice as great at 45° as that at 135°. The angular distribution which 
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is superposed on the polarization curve follows the course of the curve 
for rods given in Figure 2. 

Desye!’ has pointed out that for particles of low relative refractive 
index intensity measurements made at two equal angles on either side 
of go° allows for a determination of the particle size. Curves of the 
dissymmetry of scattering te. the ratio of intensity in a forward 
direction to that in a backward direction, may be constructed from 
the curves of Figure 2 by keeping @ fixed and varying L/A’. In Figure 4 
are shown the dissymmetry as a function of L/A’ (6 = 45° and 135°) 
for spheres, discs, and rods. The dissymmetries at these angles for 
the sonic irradiated and normal virus particles of Figure 3 are 1-20 and 
2-06 corresponding from Figure 4 to rods of lengths 103 mp and 275 mu 
respectively. If the density is 
known the dissymmetry for a 
sphere gives the molecular 
weight of the particle since it 
determines its diameter. For 
rods or discs, however, the dis- 
symmetry measurements give 
the length of the largest dimen- 
sion and the smaller dimension 
is deduced from the molecular 
weight determined from tur- 
bidity measurements which 
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Figure 4. Dissymmetry as a function of L/x’ forrod, have been corrected for the dis- 
slat ci symmetry é¢.g. measurements on 

The dissymmetry curves approach asymptotes 
2-44 for rods, 
Thus, the dis- 
The change in 


tobacco mosaic virus", 
for larger values of L/4’, namely, at 6 = 45° and 135°, 
5°98 (small oscillations about this value) for discs. 
symmetry characterizes the shape of the particles. 
shape of the long fibrillar actomyosin molecules on the addition of 
adenosine triphosphate (ATP) has been studied in this manner!*. The 
dissymmetry method may be used to study the kinetics of end to end 
aggregation of proteins, as has been done for tobacco mosaic virus?', 
or the kinetics of breakdown of fibrillar molecules. 

The size and shape of smaller proteins which show a dissymmetry 
equal to unity with visible light may be determined by small angle 
X-ray scattering. Some x-ray scattering studies of a preliminary 
nature have been made on dilute solutions of ovalbumin”, edestin??, 
insulin?!, tobacco mosaic virus*!, haemocyanin?!, actomyosin?? and 
haemoglobin?%. Of these the experimental data has been analyzed in 
more detail in the case of haemoglobin?’. As GurnteR*® has pointed 
out, the x-ray scattering immediately around the central beam 7.e. for 
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small z, will follow an error curve with a curvature determined by the 
radius of gyration of the particle. His results for haemoglobin?* are 
consistent with the size determined from an analysis of the x-ray 
diffraction by crystalline haemoglobin**. Besides its simplicity, the 
small angle x-ray scattering method has the obvious advantage that 
it may be used to determine the size and shape of proteins which are 
not available in crystalline form. 

The wave length dependence of the energy withdrawn from the 
beam due to scattering gives an indication of the size and shape of 
the particles. For light scattering from large particles the 1/A‘ relation 
(equation 1) will no longer be obeyed except for very large A as is 
illustrated in the case of the spherical influenza virus particles 
(L ~ 100 mp), Figure 5. The 
total scattered intensity is 
calculated by integrating the 
relative intensities (times the 
polarization factor) over a 
large spherical region sur- 
rounding the particle and 
multiplying the result by the 
scattering for a point dipole 
scatterer. For light scatter- 
ing the total intensity is pro- 
portional to 1/A? and 1/A% 
for spheres and rods respec- 
tively and for x-ray scatter- 
ing proportional to A? and Figure 5. Optical density as a function of inverse 
d\ for spheres and rods re- fourth power of the wave length for influenza virus 


: in water® 
spectively. 
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NON-INDEPENDENT LARGE PARTICLES 


The angular distribution of scattering on a system of large non- 
independent particles will be determined not only by the finite size of 
the particles as described above but also by the relative positions of the 
particles in space. Even for dilute solutions the particles, by virtue of 
their finite size, cannot occupy all positions in the solution but only 
those positions not excluded by the particles themselves or more 
strictly, by a volume given by the sum of the covolume of the particles 
and their repelling ionic double layers. The system is thus non-ideal 
and the osmotic pressure will be a power series in the concentration 
which for very dilute solutions is given by equation 4. 

An equivalent approach to the problem is that given by the radial 
distribution treatment used in the theory of x-ray scattering of non- 
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ideal gases and liquids. For a very dilute system of spheres of 
diameter L* (L* > L if there is repulsion between the particles) the 
probability of finding a particle at distance r from any reference 
particle is nearly unity for r > L* and zero for r << L*. This gives 
a linear decrease in relative intensity with concentration?® according 


P(e) = : moL*3F(22*) | ‘caeine 
3 


e 


to the relation 


where F is a function given by the square root of equation 6, z* is the 
corresponding z for L*, and v is the number of particles per unit 


vs eke ; a , 
volume. It may be shown from statistical mechanics that— ~L*3~ B 


for spheres. It follows from equation 7 that the dissymmetry for dilute 
solutions will also decrease linearly with concentration?®. For the 
spherical influenza virus particles in nearly salt-free water L and L* 
were calculated®® from the dissymmetry data? to be 128 mp and 
425 mu respectively. If sufficient electrolyte is added to suppress the 
electrostatic repulsions, then experimentally it is found that L* is 
nearly equal to LZ. At higher concentrations of particles, corresponding 
to higher powers in concentration for the osmotic pressure, the dis- 
symmetry increases again as has been observed for nearly salt-free 
solutions of tobacco mosaic virus®® and of serum albumin’. In the 
Jatter case the particles are small (z ~ 0) so that F?(z) will be nearly 
unity. However, z* may be large so that F(2z*) will be less than 
unity (for 6> 0). 
For any concentration the radial distribution of particles is obtained 
from a Fourier analysis of the angular scattering data z.e. the Fourier 
inversion of the scattering curve using 
. F(z), determined from dilute solu- 





tions, as a parameter. The equation 
: of state of the solution 2.¢e. the osmotic 








© o3 2, pressure as a function of concentra- 
el / \ tion, may be expressed in terms of the 
= 02 s radial distribution and the interpar- 
¢ \ \ ticle force?®. No Fourier analysis has 
si yet been made on the scattering data 
‘s for concentrated solutions but in 
0 > , e s Figure 6 is shown the relative scatter- 
es ing calculated for a 60 per cent solution 
Figure 6. Theoretical scattering per spherical (volume concentration) of spheres». 
particle for a 60 per cent by volume solution The calculation involves the use of a 


of spheres (continuous line) and for indepen- : , NF ‘ 
dent spheres (broken line) theoretical radial distribution expected 
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for the disordered packing of hard spheres?’.. At a volume concentra- 
tion of 74°05 per cent the system becomes a cubic or hexagonal system 
with closest- packing of the spheres. 

There is a maximum in the scattering curve for z = 3:0 corre- 
sponding, in the form of Bragg’s law, to A’ = (1:05)2Z/ sin 6/2. The 
close agreement between Bragg’s law and the predicted maximum is 
coincidental since for repelling particles the scattering curve may show 
no maximum (for z> 0) but only exhibit a shoulder as has been 
observed for concentrated solutions of haemoglobin**, 2% and oval- 
bumin?*, In Figure 7 is a small angle scattering x-ray picture taken 


/ 
by Ritey and HERBERT®® of a 42-4 


per cent by weight solution of oval- ae eh ae Fl 
bumin. The shoulder on the scatter- aS 
C B o A B S 


ing curve occurs atA. Lines at Band 


29 


C corresponding to Bragg spacings Figure 7. Small angle x-ray scattering for a 


of about 23 A and 11°5 A respec- 
tively may correspond to prominent interatomic vector distances 


42°4 per oni soiution of oi albumin 


within the protein molecule. Small angle x-ray scattering curves of 
red blood cells (haemoglobin content about 33 per cent) also show a 
shoulder® similar to that exhibited by a solution of the same haemo- 
globin concentration as that in the cells. Some authors?%, 3! have 
treated the concentrated systems as made up of tiny crystallites with 
order extending over a few neighbours and applied Bragg’s law to the 
X-ray scattering data. Such a treatment is, however, incompatible 
with the large intensity of scattering observed at angles near zero. 
Furthermore, it might be expected that if such crystals were present 
they would sink to the bottom of the solution since, in general, the 
molecular packing in the crystallite would be greater than that in the 
solution. In investigating biological structures, the question of whether 
true crystallites are present or whether there is random packing of 
particles can be resolved by performing a Fourier analysis of the 
scattering data. 

The problem of evaluating the scattering data for non-independent 
elongated particles is more difficult than that for spheres. In place of 
the spherically symmetric radial distribution function one now has two 
functions, a spatial distribution function and an angular distribution 
function®®, The latter defines the fraction of elongated particles 
having an orientation relative to the orientation of any given particle 
and may be determined from a fibre-type scattering diagram. BERNAL 
and FANKUCHEN®* in their detailed x-ray studies of concentrated 
solutions (above 13 per cent) of the rod-shaped tobacco mosaic virus 
imposed a two dimensional crystallinity on the system by orienting the 
rods by flowing the solution or by inserting it into a fine capillary. 
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They then found that the particles tend to form a two dimensional 
close packing array, the interparticle distance being inversely pro- 
portional to the square root of the virus concentration. Freshly 
purified samples of tobacco mosaic virus in water at a concentration 
of about 2 per cent will form three dimensional crystals in the bottom 
of the two phase virus system!!, *5, The interplanar spacings are 
sufficiently large (340 my) to exhibit Bragg diffraction with visible 
light and the size of the crystals may be determined from the half 
width of the diffraction peak which is superposed on the scattering 
curve. Such crystals show spacings similar to those of the three 
dimensional crystals found in diseased plant cells**. 
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BIOELECTRIC POTENTIALS, THEIR 
MAINTENANCE AND FUNCTION 


E. E. Crane 


A CONSIDERABLE amount of data is available about steady bioelectric 
potentials, which are the subject of this review, but we still know little 
about the exact processes by which they are maintained, and even less 
about the part they play in the functions of the tissues in which they 
occur. It is comparatively easy to record electric potential differences 
between two parts of certain organisms, but much less easy to ensure 
that the potential differences recorded give a reliable estimation of 
those arising in a specific tissue, and even more difficult, often at 
present impossible, to interpret them in terms of events taking place 
within the tissue. 

The problem of reliability of potential difference measurements, and 
of their analysis according to their origins within the tissue, is being 
solved largely by improvements in technique. The use of simple 
systems e.g. isolated tissue kept under conditions which can be care- 
fully controlled, and under which it functions normally, eliminates a 
great many uncertainties. Measurements on isolated cells, using 
micro-techniques recently developed, are sometimes possible and 
deserve further attention. Another difficult problem in technique 
which has received some attention and is worthy of more, is the 
simultaneous determination of electrical properties and the rate at 
which energy is available to the tissue and the rate at which it is 
being expended. 

The problem of the interpretation cannot be solved by bioelectric 
measurements alone. Frequently it must await much more infor- 
mation from other fields : cytology, biochemistry, physiology and so 
on. On the other hand bioelectric measurements can make contri- 
butions towards the solution of problems in these fields. Advances in 
the final understanding of the maintenance and function of potential 
differences in living tissues are likely to come from a combination of 
both direct bioelectric measurements and indirect developments in 
other sciences. 

This review is an attempt to summarize some of the available 
knowledge of steady bioelectric potentials, and to indicate what 
advances have been made towards the analysis and interpretation of 
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the ways in which they are maintained, and of the part they play in the 
functions of the tissues which give rise to them. 


HISTORICAL RESUME 

The foundations of the present subject were laid towards the end of the 
eighteenth century. There were two crucial experiments, the first of 
which was performed by WALsH, probably in 1776. In this experiment 
he succeeded in obtaining a visible spark from the discharge of the 
Gymnotus electricus, thus demonstrating the truth of CAvENDISH’s 
deduction that the shocks produced by certain fish were due to 
electricity generated by them. No account of the experiment was 
published by Walsh, but it was described by both Henty?%® in 1776 
and CAVvALLO®’ in 1795. 

There was a considerable amount of opposition to the view that 
phenomena could be electrical which originated in so good a conductor 
as the body of a fish and took piace in sea water. Cox’? quotes a 
contemporary, RONAYNE, who wrote 
Indeed, I must say, that when a gentleman can so far give up his reason as to 
believe the possibility of an accumulation of electricity among conductors . . ., 
he need not hesitate a moment to embrace as truths the grossest contradictions 
that can be Jaid before him. 

The account® of the second crucial experiment was published in a 


supplement to an anonymous tract, the rare Arco conduttore, published 


in Bologna in 1794. ‘The supplement was almost certainly written 
either by GALVANI or by his nephew ALpDINI, or by both of them 
(FuLTon and CusHinG!*3, 1936). In Galvant’s first two classical experi- 


ments in 1791, muscular contractions of a frog were noticed when a 
copper-iron junction was present. It was Vota who rightly identified 
the junction as the source of the electricity which stimulated the muscle 
in these experiments, and the experiment described in the anonymous 
tract® was probably carried out in reply to VoLrTa’s criticism??! (1792 
It was important because it demonstrated that electricity produced in 
the frog itself could cause the contraction of frog muscle—and this was 
the most sensitive method available at the time for detecting electric 
current. 

The subsequent development of VoLTa’s ‘ organe electrique artificiel’ 
1.e. the Voltaic pile®’*, was probably based on his study of the ‘ organe 
electrique naturel’ of the torpedo, the laminar nature of which 
Hunrter!*® (1775) had already described in detail (WALKER?"! 

Apart from its influence on the development of experimental 
physics, the study of electric fish had an important influence on the 
development of theoretical physics. CAVENDISH, who as far as we 
know never handled or even saw a live torpedo, carried out a number 
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of experiments on models in air and salt water, as a result of which he 
made clear the distinction between potential difference and quantity 
of electricity, and moreover, years before the discovery of the Voltaic 
pile or thermoelectricity, anticipated the idea of electromotive force 
see CAVENDISH®’ ; MAXWELL™! ; Cox’?’). 

During the nineteenth century the study of the production of 
electric currents by any living organism held great fascination for 
physicists and biologists alike. FARADAY!!! wrote in 1839 
Wonderful as are the laws and phenomena of electricity when made evident to 
us in inorganic or dead matter, their interest can bear scarcely any comparison 
with that which attaches to the same force when connected with the nervous 
system and with life. 

The investigations carried out were descriptive rather than quanti- 
tative, and most workers were content to record the existence and 
approximate magnitude of the potential difference between two 
particular regions of a living system, sometimes under various con- 
ditions. On the other hand some shrewd guesses were made as to the 
possible function of bioelectric currents ; for instance DoNnNE!"? (1834) 
wrote ‘ sont-ils capables de rapprocher, de séparer les molécules l’une 
de l’autre, et de donner naissance a des corps nouveaux, comme cela 
arrive dans la régne inorganique ?’ Du Bots-ReyMonp (1848) made 
valuable contributions to various branches of the subject!°°.. Much of 
the later experimental work has been reviewed by BIlEDERMANN?? (1895), 
and WALLER?” (1897) has given an account of the ‘ bitter but fruitful 
controversies > which raged as to the source of the currents observed. 

During the latter part of the nineteenth century scientists were much 
occupied with the measurement of action and injury currents of nerve 
and muscle, and the increasing sensitivity and decreasing time of 
response of instruments for the measurement of voltage and current 
were determining factors in the development of the study of bio- 
electricity (PLEDGE?*®, 1939; MAatTTrHEews”, 1948). Instruments 
which could be used to measure the small potential differences 
produced by living tissues were developed, and it was no longer 
necessary to use frog muscle as a detector. ‘The development of the 
subject largely followed the improvements in technique. From 1820 
onwards galvanometers were available of progressively greater sensi- 
tivity. Later, instruments based on LippMANNn’s!§8 (1875) capillary 
electrometer, and at the turn of the century the string galvanometers 
of EINTHOVEN and others, made it possible to measure fractions of a 
millivolt (see also ErriscuH and PETERFI!°®), 

The use of valve amplifiers from 1920 onwards provided a great 
impetus to the study of bioelectric phenomena, for instruments could 
be chosen for speed of deflection and convenience, as sensitivity became 
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a matter of secondary importance. Microvolts could be measured, 
and the additional use of a cathode-ray oscillograph reduced the time 
of response to 10~¢ sec or less ; MATTHEWS? gives a general discussion. 
The limit of sensitivity is now not instrumental, but is imposed by 
spontaneous electrical fluctuations of the same character as Brownian 


movement???. 


OCCURRENCE OF BIOELECTRIC POTENTIALS 
The present review is concerned with the steady electric potential 
differences which are maintained in living tissues. Rapidly fluctuating 
potential differences also exist and are of great importance, but except 
for comparisons of orders of magnitude they will not be discussed here. 
These periodic potential differences are usually classified according to 
the organ which gives rise to them, and they fall into fairly well defined 
subjects, each with an extensive literature of its own. The main 
subdivisions are given in Table J. 


Table I. Approximate Magnitude and Frequency of Important Classes of Bioelectric Potentials 






































Description (or name | Source Order of magnitude Frequency 
of subject concerned) | mv cycles| sec 
Steady potential | Various plant and up to ca 150 oO 
differences animal tissues 
4 ones sii 
: T 
Electrocardiography heart muscle ca 30 (ca 1 from 1 to: 
t J 
| external leads | 
pe | | 
" J | 
Electroencephalography brain ca 0°05 from 0 to 60 
external leads 10 dominant 
= nacscvaipiaanedite = 
Nerve impulses nerve up to ca 100 ca 100 
up to 1,000, and up 
to 20,000 for 
mammalian ear 
Action potentials in skeletal muscles up to ca 100 5 to 200 + 
Discharges from electric organs of some fishes up to ca 600,000 discharge frequency 
and elasmobranchs up to ca 150 from ca 200 
each electroplax 








In Table I no separate entry is made for injury potentials, most of 
which come under the first entry. They are produced by almost any 
type of injury, but only in living systems. The subject has been 
reviewed recently by HEILBRUNN!** who gives a list of injury potentials 
in plants ; they are mostly between 30 and 100 my. 

The term action potential is often used loosely to cover any potential 
difference, whether periodic or aperiodic, which results from stimu- 
lation. ‘There are for instance aperiodic variations of the potential 
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difference measured from the skin surface (e.g. psycho-galvanic reflex) 
following emotional or other suitable stimulation. These potential 
responses, which are complex in character and may last for well over 
a minute, have amplitudes up to about 10 mv. 

The primary interest of the resting potentials of nerve and muscle 
has been in relation to their action potentials, and their detailed 
consideration would extend the scope of this paper too far. Only a 
few aspects of problems concerning them are included. The subject 
has been reviewed recently by Grunprest!*°, 

The potential differences exhibited by the electric organs of some 
fishes and elasmobranchs are listed separately in Table J although the 
potential differences produced are probably relatively constant even 
during discharge (see pp 115, 116). The high electromotive forces are 
produced by a large number of units (electroplaxes) in series ; each 
electroplax does not contribute more than about 150 mv. It is clear 
therefore from Table J that the electromotive force generated by a 
single biological membrane does not greatly exceed 100 mv. 

In comparison with the compactness of most of the subjects repre- 
sented in Table J, the study of problems associated with steady 
potential differences is less well coordinated. There are several 
reasons for this : they have various underlying causes still to a certain 
extent unelucidated, they occur in a very large number of living 
tissues and are in some Cases critically dependent upon experimental 
conditions, they are often difficult to analyse and their sources difficult 
to identify. It is in many ways easier to measure rapid changes of 
potential differences than to measure the steady potential differences 
on which the changes are superimposed. ‘To workers investigating 
these changes, the underlying ‘ steady ’ potential differences (although 
of considerable interest in their own right) merely form a background, 
undergoing troublesome slow changes which must be eliminated in 
measurements. 

Definitions— Alternatives to the name steady potentials are resting 
potentials used e.g. by Curtis and Co te to differentiate them from 
action potentials, base-line potentials used by MeapeR and MARSHALL 
and others, direct potentials (in distinction to alternating potentials) 
and standing potentials. The first name is perhaps preferable to any 
of the others, in spite of the fact that the potentials do undergo slow 
temporal changes ; the other names were all chosen for a secondary 
reason. 

The term potential itself has of course no meaning unless a statement 
is given of the zero with respect to which the potential is measured, 
and for this reason the full expression ‘ potential difference (pd) 
between A and B’ should be used. There are, however, occasions 
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when it is convenient to regard the electrode at one point, say A, as at 
a constant potential (this is sometimes called the indifferent electrode) 
and, in order to avoid prolixity, to refer to the potential difference 
between the electrodes at B and A as the potential at B. The abbre- 
viation implied should however be constantly borne in mind (see also 
P 99). 

It is important to realize that potential differences are normally 
measured directly only between two metallic conductors. It is 
necessary to make electrical contact with biological systems by means 
of electrodes, and in general the pd measured will depend upon the 
type of electrode and on the characteristics of the system, and results 
with one arrangement are not immediately comparable with those 
obtained with another (see p. 98). Electrodes used for the measure- 
ment of steady potential differences in biological systems are usually 
calomel or Ag/AgCl, but others have been used for special purposes. 

The use of the term bioelectric current for bioelectric potential, 
which is still common with some authors (see RosENE**°), is wrong 
and may be misleading. ‘The current produced in an external circuit 
by a tissue depends not only on the pd it would exhibit on external 
open circuit, but also on the values of the resistances involved. The 
use of the term bioelectric current for bioelectric potential is a legacy 
from the time when bioelectric effects were studied by current measure- 
ments ; nothing is gained by its continued use. 

In this review the sign of a potential difference is regarded from the 
point of view of the external circuit : ‘ the potential at B is positive 
with respect to that at A’ means that if A and B were connected by a 
circuit external to the organism in which they are situated, a positive 
current would flow through this external current from B to A. 

A statement of policy must be made on one other problem in 
terminology : electromotive force (emf) and potential difference (pd). 
The emf produces a difference of potential between any two points in 
the circuit which depends upon the distribution of resistance in the 
circuit. In an open circuit the total resistance is infinite, no current 
is maintained by the emf and the pd measured is the total emf. Usually 
however this limiting condition is not realized in biological material, 
often because local short circuits exist, and the pd measured does not 
represent the whole of the emf generated. It seems more correct 
therefore to avoid the term emf even in cases where no external current 
is drawn from the tissue, unless it is known that internal currents are 
also negligible. 

Steady bioelectric potentials from various sources— The magnitude of the 
steady potential differences from a number of plant and animal tissues 
are given in Jabie IJ. Here and elsewhere names of animals are taken 
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from the British Museum List of British Vertebrates*® (1935). Rates of 
oxygen uptake are also given, expressed in terms of the Qo, (ul oxygen 
output per mg dry wt per hr). Table JJ does not contain details of 
all tissues on which measurements have been made, nor are references 
included to all papers describing work on the tissues listed. It is in- 
tended as a summary of some of the information on tissues discussed 
in this paper and on a few others given for comparison. Further 
references may be obtained by consulting Rosene’s bibliography of 
continuous bioelectric currents and bioelectric fields in animals and 
plants*®® (1947), which covers more or less the same ground as this 
review. It contains references and titles of 1,400 papers and books in 
alphabetical order of author. It is indexed, but in general only from 
words occurring in the titles of the publications, and not from their 
content. 

Results entered in Table J] were obtained from measurements 
carried out under conditions assumed to be optimal, or normal. There 
is a wide variation of pd and Qo, with temperature and other factors, 
and in some cases the pd varies greatly with the ionic composition of 
the solutions bathing the tissue ; figures in Table /] can therefore only 
serve as guides, and the original papers should be consulted for details 
of experimental technique. Where a range is given it represents not 
extreme values, but those commonly occurring. 

The direction of the pd is in many cases the same in different 
examples of similar tissue. For instance in all electric rays in which 
the electric organ is developed from the jaw muscles, the dorsal surface 
is positive and the ventral surface negative. Throughout the gastro- 
intestinal tract of the frog the nutrient side is positive with respect to 
the outer surface of the mucosa, and in frog skin also, the side supplied 
with blood vessels is the positive one. An injured portion of nerve or 
muscle is negative with respect to a neighbouring uninjured portion ; 
a wound in the skin of such animals as have been studied is however 
positive with respect to the neighbouring intact skin until healing is 
well advanced (see p 109). The pd across the walls of large plant 
cells may be in either direction according to species and the conditions 
under which the determination is made. 

Table II shows that the steady pd developed across active living 
membranes is commonly of the order of tens of millivolts and is in 
some cases even more than a hundred millivolts. The entries show 
that there is by no means a simple relationship between the rate at 
which oxygen is utilized and the pd developed ; energy is expended 
in various ways, not all of which involve the maintenance of a steady 
pd. This problem is considered further in a later section. 

The functions of the active structures represented in Table IJ are 


94 








CAUSES OF BIOLOGICAL POTENTIAL DIFFERENCES 


various. In many cases the function is secretion and/or absorption ; 
these are discussed later (pp 117-123). There is however no question 
of electrical activity being related only to a single function. One of the 
most important problems concerning bioelectric potentials is their part 
in various biochemical processes. This problem will be discussed for 
structures for which some evidence is available, but it is as yet largely 
unanswered. It offers a profitable field for study, if suitable experi- 
mental techniques are used, and one which has been very little explored. 


CAUSES OF BIOLOGICAL POTENTIAL DIFFERENCES 


Our understanding of the causes underlying the existence of potential 
differences in living organisms is still very incomplete. We know that 
certain asymmetries in structure, composition and permeability, which 
are likely to be sources of electromotive forces, do occur in living 
systems, and that the emf’s should be capable of producing external 
potential differences. Moreover, it is often possible to build inanimate 
models which develop emf’s of similar orders of magnitude and modes 
of variation (e.g. BEUTNER?® ; MICHAELIS?°® 296), ‘This is, however, 
not the whole story. The fact that a model has some of the properties 
of the living system is not proof that their modes of action are identical, 
and extreme caution should be applied in using the behaviour of 
models as evidence for the existence of similar conditions in the living 
structures. 

It is certain that potential differences observed in living tissues have 
no single simple origin. Even those actually produced within a tissue, 
and by no means all experiments have been successfully designed to 
measure only these (see Ocsron??*), may arise from a variety of 
conditions. The only factor common to all such conditions is their 
asymmetry, but this may be an asymmetry of structure, permeability, 
ionic concentration or function. 

Asymmetrical conditions which are known to be a source of emf 
and which occur in living organisms include : 

r a liquid junction between two solutions of different composition 

and/or concentration 

2 a membrane separating solutions of different composition and/or 

concentration 

3 a phase boundary e.g. between an electrolyte solution and a liquid 

solvent immiscible with water 

4 an oxidation-reduction system 

5 the relative motion of a solid and liquid. 

A general quantitative discussion of the potentials produced under 
these conditions and their applications to biological systems is given 
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in books on physical biochemistry (BuLL**, 1943 ; HOBER!*?, 1946). 
Certain points of importance and of recent interest are considered below. 

Liquid-junction potentials (diffusion potentials)— A pd is developed at 
the junction of two aqueous solutions of different composition and/or 
concentration, unless all the ions present have the same mobility. 
Mobilities of ions most important in biology are given in Table I/1/. 

In the simplest possible case, that of a liquid junction of two 
solutions of the same univalent salt, whose concentrations (or more 
correctly activities) are C, and C,, the diffusion potential F is given by: 


oe ae oe 7G, 
E . 1) 
Fout++u C, 
where R = gas constant 8-31 joule/mol/°C 

T = absolute temperature = 298° for 25°C 
F = Faraday constant 9°65 x 104 coulomb/mol 
u+= mobility of cation 
u mobility of anion 


Thus at 25°C, 
i u ul C, 
KE = 59 ( log io —s mv. 
ut +u C, 
Table Ill shows 
Table III. Mobilities of Ions at 18°C, and Temperature Coefficients that in KCl and 
of Mobiltties - . 2 
_ioenccs  IeERAIWE De S800 CRCIOM 
| 


rare mR | 
Anions Mobility 7 é mp. r oeff. | Cations A fobtlity Temp. r oeff. and anion have 








| [ee prC nearly equal 

. en ooo fot ° 
OH | 174 | -o18 H+ a15 016 mobilities. Since 
_ 65 22 |K+ | 6 022 )s NH,NO, is more 
] 66 021 | NH,+ | 64 ‘022 : y ages 
HCO, 41 022 Nat 43 024 reactive than KCl, 
NO» pes ‘oni | #Ca*" 5 025 a concentrated 
C,H,O, 35 024 
4CO, 60 022—s| usually saturated) 


Poe 68 bas | | solution of KCI is 
generally used for 





(The mobility of an ion is its equivalent conductance at infinite dilution “ 
7.¢. conductance in ohm™' of solution containing lg equivalent of the ion bridges connecting 


eo ee ee half-cells to the 
solutions bathing the two sides of a biological membrane. Potential 
differences produced at the liquid junctions in the circuit are thus 
reduced toa minimum. The diffusion potential between two solutions 
of KCl, one ten times as concentrated as the other, is only 0-4 mv; 
NaCl solutions with the same concentration ratio produce 3-2 mv. 
When a membrane is injured, solutions normally separated are 
brought into contact and one might expect to observe diffusion 
potentials originating at the liquid junctions created. The application 


96 








CAUSES OF BIOLOGICAL POTENTIAL DIFFERENCES 


of diffusion theory has met with some success in accounting for certain 
injury potentials. For instance STEINBACH?5’? (1935) measured the 
variation of injury potentials of the scallop adductor muscle in various 
electrolytes at different concentrations. He found that his experi- 
mental results were consistent with the mode of variation (for both 
electrolyte and its concentration) predicted from equation 1, but he 
found it necessary to assume the presence in the tissue of an anion, 
possibly a protein, with a low mobility. 

It is clear, however, that simple diffusion theory cannot account for 
most bioelectric potentials. Dean and Gattry®® (1937) discussed its 
inadequacy with special reference to frog skin, and gave an extensive 
bibliography. 

Membrane potentials— DoNNAN"™? laid the foundation of the study of 
membrane equilibrium forty years ago, and certain biological appli- 
cations of his theory have proved fruitful e.g. the ionic exchange in 
red cells during the respiratory cycle (VAN SLYKE?®’, 1926 ; see also 
Lors!8®, 1922). The following is a simple example of a Donnan- 
equilibrium membrane potential : 

If a membrane is permeable to Na+ and Cl~ ions but not to P- 
(say a protein) and is initially bathed on one side a by a solution 
containing Na+ and Cl-, and on the other 4 by a solution containing 
Na+ and P~ then, when Donnan equilibrium is attained, a pd E can 
be measured between calomel electrodes connected by saturated KCl 
bridges to the two solutions where 

a er [Cl-], _ [Cl-], \ 
E FP In [cl], > 59 (og 16 (cl-, ) mv eee 


| [Na*], , 
or 59 9810 FN +] mv. 


R, T and F are defined on p 96 and square brackets denote con- 
centrations, or more correctly activities. 

Those who hoped that the theory could be used to account for all 
bioelectric phenomena have been disappointed. Donnan membrane 
potentials cannot provide a continuous supply of electrical energy and 
for this reason are unlikely to be important for one of the most significant 
classes of bioelectric potentials, as will be shown later. 

The principles of Donnan membranes do not apply to living cells 
except in special cases, and many complications arise. For instance 
electrodes sensitive to any ion to which the membrane is permeable 
cannot record the corresponding Donnan membrane potential (BuLL*?, 
1943). This fact has been used by Davies and Ocston®’ (1950) to 
obtain information about a system containing a selectively permeable 
membrane, by the use of simple reversible electrodes. They measured 
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the steady pd across isolated frog gastric mucosa (not secreting acid) 
with a calomel electrodes, connected to the solutions bathing the 
mucosa by saturated KCl bridges, 6 Ag/AgCl electrodes and c high- 
conductivity glass electrodes ; ) and ¢ were placed directly in the 
solutions bathing the mucosa. ‘The experimental results given in 
Table IV refer to the constant and reproducible pd between the 
secretory and nutrient solu- 

Table IV. Potentials across Frog Gastric Mucosa tions at 25°C, These were 


“ 





o-o12 M NaCl made up to 
Observed | Difference calculated sa ith NaNO. ; ‘ 
Electrod eye from equation oO 12M with | aNO, and at 
lectvodeés m Ww from equation 2 , . 2 
mi fH 5:60 on the secretory side, 
—~ gang bicarbonate saline 


a | calomel 22 : 

b | Ag/AgCl +30 b—a=+52 0:095 M chloride), pH 7:40, 

J —* — ¢— a= + 109 on the nutrient side. The last 
g ass 


column shows that the differ- 

ences are entirely accounted 
for by the difference in the concentrations of chloride ions (6 — a) 
and of hydrogen ions (¢ — a) in the two solutions. 


The general conditions which govern the potential difference 
between a pair of such electrodes are as follows. If two phases, 
separated by a membrane, are at equilibrium with respect to all those 
species of ions (A, B, C...) to which the membrane is permeable, the 
pd observable under different conditions between two electrodes one 
in each phase is given in Table V. 

The experiment just 


Table V. General Conditions for pd in Selectivel) ae ee ae 
-ermeable Membrane System described therefore 


$$, shows that isolated frog 








Membrane Membrane | Electrodes Pd gastric mucosa not 
permeable to impermeable to | reversible to observable secreting acid is eftec- 
none A,B,C..... any - tively impermeable to 
Bee |e | paling both Clr and H ions 

| | “(say B reproducible If the two phases are 

A m &.. | cay“ ie —_ not at equilibrium with 
Thies apes Saeema respect to A, B, C..... 





“Special case where B is distribuled as it would be at equilibrium were and if passage of a cur- 
the membrane permeable to it. 
rent between the elec- 
trodes facilitates the transfer of 1ons with respect to which the dis- 
equilibrium exists, then a reproducible potential difference is observed. 
The magnitude of the pd depends upon the electrodes, and can be 
calculated only in simple cases. If the transport number of the ion to 
which the electrodes are reversible is zero, this case is equivalent to 
the fourth given in Table V. 
BERNSTEIN?’ (1912) first developed the membrane theory Dio- 
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electric potentials in relation to general conditions, including those 
producing action currents. He regarded membranes in living tissue 
as permeable to cations (especially K+) but not to anions, and their 
action currents as due to relative changes in permeability. A difference 
in permeability to positive and negative ions results in the formation 
of a double layer of changes of opposite sign, separated by the 
membrane, and hence of a potential difference across it. MIcHAELIs?°® 
developed the idea of the differential permeability of a membrane as 
due to the charges in the pores, a positive charge favouring the 
transmission of anions and a negative charge favouring cations, and 
he has shown that this effect is possible with collodion films. 

Much experimental evidence has been produced (see HEILBRUNN!*, 
1947 for summary) both for Bernstein’s development of the membrane 
theory, and against it. OcGsron??* goes so far as to object to the whole 
concept of a membrane potential, on the grounds that a single electrode 
potential is a meaningless term, any pd being necessarily measured 
between two electrodes. 

Methods for the potentiometric analysis of membranes in terms of 
layers of different selective permeabilities have been developed by 
OsTERHOUT?"4 (see bibliography by RoseNgE**’), and Meyver*°?, MEYER 
and BERNFELD”3, Ussinc?®, 286. Much information has been obtained 
by these and other workers about the effects of changes in the ionic 
composition of the surrounding fluids on the pd across membranes, 
and some of this information has been used to compare the selective 
permeability of different layers of the membrane and to locate the 
boundary at which the pd is developed (see also H6sER!**). 

Katz!83 (1948) has discussed the evidence which serves to identify 
the membrane or interface, at which the potential changes in muscle 
occur, with the surface of the muscle fibres. The evidence comes 
from his own experiments and from others such as those by GRAHAM 
and GERARD!* (1946) who made direct measurements of resting and 
action potentials with a microelectrode inserted in a muscle fibre. 

In a recent paper of some importance HoDGKIN and Karz!48 showed 
that the observed reversal of membrane potential during the active 
phase of the squid giant axon could be quantitatively explained on the 
assumption that the resting membrane is more permeable to K* than 
to Nat, and the active membrane more permeable to Nat than to 
K+. They suggested that the Na+ permeability is greatly increased 
during the active state and that the K+ permeability is virtually the 
same in both active and resting states. Radioactive tracer studies 
have confirmed the change in Na+ permeability (KeyNes!**) but have 
shown (Krynes!®5) that K+ permeability also changes. 

The report of the discussion on the properties and functions of 
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natural and artificial membranes, held by the Faraday Society in 
1937, forms a valuable contribution to the subject of membrane 
potentials. In the opening paper Krocu!*! (1937) emphasized the 
distinction between membrane function which passively allows some 
substances through and holds others back, and active transport which 
requires the expenditure of energy (see also KroGu!§?, 1946). Energy 
relations, and the relationship between active transport and potential 
differences, will be discussed later. 

Phase-boundary potentials— Many phase boundaries (interfaces) occur 
in living tissue, and some are the source of potential differences. The 
idea that the interfaces between thin layers of oil-like solvents and 
aqueous solutions of different concentrations are the source of bio- 
electric potentials has been put forward by BruTNER®® (1920) and 
22 has 


20° 


others as an alternative to the membrane theory. BEUTNER 
carried out a great deal of work on living tissues and on models with 
various oil/aqueous solution interfaces, which he considers to behave 
similarly. OsTeRrHouT?*>, 226 has worked with models devised to 
represent giant plant cells. 

BARNES and BeuTNER!* (1946) have shown that acetylcholine has a 
very marked effect on the potential difference developed at an oil/saline 
interface. ‘They have suggested that this effect is the basis of nerve 
action potentials, and that these are phase-boundary potentials 
produced by acetylcholine in contact with nerve lipoid. While the 
experimental results obtained by these workers are undoubtedly of 
importance and have aroused considerable interest, the authors’ 
exclusive interpretation of them (‘the old Bernstein concept of an 
ionic sieve membrane is untenable on both theoretical and experimental 
grounds’) has not been universally accepted. There is much to be 
said on both sides, and it seems likely that at the moment we know 
too little of the fundamental reactions to insist on the acceptance of 
any one universal theory. 

Ocston*** (1947) has pointed out that particular difficulty is 
attached to the interpretation of pd’s measured with electrodes in 
different phases, in terms of the pd’s originating in the interface itself 
and those originating outside it. He also criticized the method of 
CraAxForD, GaATTy and TEORELL*! (1938) of placing the electrodes in 
the ‘ interphase ’. 

Oxidation-reduction potentials— A pd is observed when an inert electrode 
uch as gold or platinum, immersed in a reversible oxidation-reduction 
system such as a solution of ferrous and ferric chlorides, is connected 
to anormal hydrogen electrode. This pd is referred to as the oxidation- 
reduction potential of the system, the potential of the normal hydrogen 
electrode being defined as zero. 
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At a fixed pH the observed potential /, of a reversible oxidation- 
reduction system is given by 
E, c. L Rl in [ ox. | 

nk [red.] 
where R, 7 and F are as defined on p 96 ; 2 is the number of electrons 
involved in the oxidation e.g. n =1 for the (Fe++, Fet+*+*) system ; 


3) 


square brackets indicate concentrations (correctly activities) ; £’, is the 
potential at pH 7-0 and for unit activities, when [ox.] [red.]. 
Table VI gives values of E’, for some biologically important systems. 
\s recently as 
Table V1. Oxidation-Reduction P: tential f Some Biologically 1946, Hire HCOCK!41 
aia stated ‘In the 


~- absence of a metal 





Syster } 
( electrode bathed by 
a — enlution co in- 

H,O 10, H bs at ec union contain 

Riven deities Rivet anldats be & ? ing the oxidant and 

I r cyto TOrMNeé I Fert f rT { 4 . ] : 

‘4 vlochy Né Fe y to h lé > f tf 2 reaut tant inh ques- 

I ytochrome Ferri cytochrome | yo (?) | 25 tion, there is no 
on a 

Su pes oH ; >t sie me nanism tor tne 

Reduced flavin enzyme | Flavin enzyme 63 38 existence ol an 

Vialate )xal te 2 2 " " j 

Lact pats H oxidation-reduction 

wlale / Tu lé LOO i) 

A hol Acetaldehyde +- 2H 2¢ 1gO . pot ntial > accord- 
:. > ] ease 
ingly bioelectri 

/ Hydroxybutyrate 1cel H 4 Oo 15 . waco 

Reduced coenzyme I Coenzyme I + 2H+ + 2 290 20 potentials cannot be 

H oH + + 2¢ $14 : ; , 

: — + : oxidation reduction 
potentials’. How- 

QO i f 1 Gopparp!*5, based 1 data fr BarRRON!*® '* and Green'?*®* ever KorrR!??5 


pointed out in 1939 
that the oxidation-reduction potential of the following system can be 


measured with non-metallic z.e. calomel, electrodes 


Metallic 
membrane 


| j i 
Hg.He,ci, | ™@ | Fe. | - Fer. | SC | Hg, cl,.Hg 
= - Sal. Fe Fe sal. 


Cl— Cl-—> 
A similar argument applies to a biological system provided with an 
electron-transfer mechanism which could replace the metallic mem- 
brane, so that oxidation-reduction potentials could be manifested as 
bioelectric potentials. Lunp1® (1928) has for long held that this 1s so. 
However, oxidation-reduction potentials must not be identified with 
potential differences which could be measured between calomel 
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electrodes, without supporting evidence. Umratu*®* (1933) and 
Bunks and Pickerr*! (1940) investigated the relationship between 
oxidation-reduction potentials in Nitella and those measured with 
calomel electrodes and KCl bridges ; they showed that one could 
remain constant during considerable changes in the other. STIEHLER 
and FLExXNER?*§ (1938) and FLEXNER and STIEHLER!!* (1938) used 
indicators to measure oxidation-reduction potentials in the epithelium 
and the stroma of the choroid plexus of the pig, and found the 
epithelium to be 230 mv more positive than the stroma. Similar 
results were obtained by FrrEpENWALD and STIEHLER?”°? (1938) for the 
ciliary body of the eye of the rabbit. No conclusions can be drawn 
from these experiments alone about the pd observable between calomel 
electrodes connected to solutions bathing the epithelium and _ the 
stroma, since the relevant electrical characteristics of the intervening 
structure are unknown. 
Recently Josepu et alii1®*, 16! 
across the synovial membrane in the knee joint of the dog using 
saturated KCl-calomel electrodes, in the presence of a wide range of 
They found that, at concentrations many times 


1948, 1949) have determined the pd 


metabolic inhibitors. \ 
greater than those producing almost complete inhibition of cellular 
respiration, pd’s up to 400 mv were recorded across the membrane, 
and they relate these pd’s in some detail to the energy levels in the 
cytochrome system. It is very important that these experiments should 
be repeated with other membranes. 

Electrokinetic potentials— ‘These potentials, also known as streaming 
potentials, are set up between the ends of a capillary tube when liquid 
moves through it. Their production is the opposite of electro-osmosis, 
or electroendosmosis, which is the motion of liquid through a capillary 
tube whose ends are maintained at a difference of potential. Both are 
due to the existence of electrically charged layers of opposite sign at 
the boundary between the liquid and the walls of the tube. Streaming 
potentials are set up by the relative displacement of these charged 
layers ; electro-osmosis takes place by virtue of their displacement 
caused by the applied pd. 

According to simple theory the potential difference V between the 
ends of a single tube is given by 

C Kp 
~ 4vk 
where K = dieiectric constant | 
v = viscosity of the solution 
K = specific conductance 
fp = pressure difference between the ends of the tube 
{ = zeta potential. 
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The zeta potential is the pd between the solution and the wall of the 
capillary tube. It is zero at the iso-electric point, and lies between 
about ++ 50 mv and — 50 mv for many interfaces at other values of 
the pH. According to simple theory V is independent of the length, 
cross section and shape of the capillary tube. 

Similar results may be obtained for a diaphragm containing a 
number of pores (see GLAssToNE!*4 (1940) for further discussion of 
the theory and non-biological applications). 

Many difficulties appear in the application of electrokinetic theory 
to observed phenomena, especially in the biological field (BuLL*?, 
Hrrcncock!*!), One complication is the ‘important and somewhat 
disconcerting conclusion’ reached by Bu. that the classical theory, 
including equation 4, does not apply to very small capillaries. If the 
radius of the capillary is less than five times the thickness of the 
electrical double layer, serious deviations from the simple theory occur, 
and the true zeta potential is much smaller than that calculated from 
equation 4 (Butt and Moyer*’, 1936 ; Komacata!’4, 1934). 

Streaming potentials of a few millivolts are produced by the move- 
ment of blood, and MiLier and Denr*®? (1943) have claimed that 
they are responsible for the 7-wave in an electrocardiogram. 

Electro-osmosis and electrophoresis do not come within the frame 
of reference of the present review ; reference may be made to 
ABRAMSON! (1934) and ABRAMSON, Moyer and Gorin? (1942). 
Mupp?2!2-214 studied electro-osmosis through mammalian serous mem- 
branes, but he did not pursue theoretical interpretations very far. He 
did not explicitly state that his results show that ‘ action currents’ of 
glands influence the process of secretion, but he went so far as to say 
that their consideration ‘endows this possibility with a degree of 
probability amounting almost to certainty ’. 

General considerations—'The origin of each of the five classes of 
potential difference discussed above (except the last) has been held 
to be the general, or at least the most important, source of bioelectric 
potentials by one or more groups of workers. ‘The publicity each theory 
has received has depended almost as much on the strength of personality 
of its protagonists as on its intrinsic merit. 

In a subject such as the present one, which is interlocked with many 
other divergent subjects, there is inevitably a tendency to seek to 
explain phenomena in terms of current developments of interrelated 
subjects. It seems fairly certain that potential differences are produced 
in living organisms by all the classes of asymmetry discussed above, or 
at any rate by asymmetries currently described in those terms. 

It seems likely that some of the most useful lines of attack on the 
problems of the mechanisms of the production and maintenance of 
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bioelectric potentials are at present indirect ones. A greater under- 
standing of bioelectric phenomena will surely come through knowledge 
of the molecular, atomic, ionic and electronic reactions which occur in 
the tissues giving rise to them, and of the energy exchanges in these 
reactions. This knowledge is likely to be obtained by approaches from 
many different angles, including experiments with microtechniques on 


isolated tissue and isolated cells. 


BIOELECTRIC POTENTIALS AND PHYSIOLOGICAL CHANGES 


This section contains a brief account of recent work on the correlation 
between changes in steady potential differences and concomitant 
physiological changes. Progress has certainly been made in this field, 
although it is one in which many unwarranted conclusions have been 
drawn, often to be refuted later by results of other workers whose 
experimental techniques were more careful. 

As in other sections, alternating current properties, investigated by 
such workers as CoLe and Curtis (see RoseNE**", 194.7), ROTHSCHILD®®! 

1947) and others, are omitted from the frame of reference. 

Burr!” 4 and Burr and Norrurop®™ ®! have strongly urged the 
view that there exists in living organisms an electrodynamic field and 
that ‘the recorded potential differences are measures of a store of 
electrical energy which can be drawn upon by biological activity and, 
hence, they provide valuable evidence of the nature and range of those 
activities. Moreover, the pattern of the potential differences defines 
an electrodynamic field whose forces critically influence growth and 
development and determine the pattern of living things’. This view 
has not won support from the vast majority of those working in the 
field. ‘The simultaneity of certain physiological and electrical changes 
discussed below suggests a connection between the two, but does not 
by itself imply that either one is caused by the other. 

Growth and development— Evers‘? (1947) has given a good account 
of the history of the investigation of the effect of electric currents on 
plant growth, from BrERrrHOLon’s!® (1783) ‘ electro-vegetometer ’ 
onwards. ‘This instrument supposedly collected atmospheric electricity 
by means of an antenna arrangement, and passed it through plants 
growing in the field. Briccs*? et altt (1926) have also written a critical 
review of the subject and described their own experiments, which were 
carried out with more careful controls than most of their predecessors, 
and showed no increase in growth caused by electricity. (See Evers!°? 
(1947) for discussion of recent positive results, also pp 128-130.) 

Burr and his colleagues have shown that the potential differences 
exhibited by developing eggs and embryos are so oriented that the 
direction of greatest potential gradient is related to their morphology 
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‘Burr**, 1941, Burr and Hovianp ** 55), Changes in potential 
difference have been correlated with cell differentiation in Obelia 
(Burr and Hammetr®?, 1939), in corn roots (BurR*#®*, 1942) and in 
Amblystoma (BuRR and BuLLock®, 1941 

The effect of electric currents on the potential gradient along onion 


Allium cepa) roots was investigated by Hoyt?! (1947). Lunp, MAHAN 
and HAnszen!** 194 and Evers and Lunp! showed that electric 
current along onion roots could inhibit growth. Figure 1 gives 


some of their results8. From 14 to 








| 3 hours after the commencement of 
: Q 1. ae measurements an electric current 
‘ ee was passed through the apical 1-5 mm 
P Fs } 4% segment, producing a potential gra- 
LLY 1A dient (electric field) along the root. 
: 3 OA 4-4 ‘ . ¥ 
ye ; jp Each curve in Figure 1 represents the 
2.9 ra ; a | “awa average of about four experiments. 
f ——— Currents giving a potential gradient 
[-« 4 | A] . of 65 to 70 mv/mm in either direc- 
am tion did not apparently affect the 
ff) rate of growth, but with a potential 
F w P 4 gradient of 75 mv/mm in the opposite 
2 = | direction to the natural pd (e—e 
mi - the rate of growth was decreased 
esha reversibly. With 100 mv/mm re- 
Figure 1. Effect of electric current on therate covery was much _ less marked. 
nee ee en ee Potential gradients of 75 and 100 


onion root 
mv/mm which enhanced the natural 


pd (o---o) had little effect on the rate of growth. 

In other experiments Lunp, MAHAN and HanszENn!** obtained 
reversible inhibition of growth with about 37 mv/mm applied to the 
whole root and irreversible inhibition with about 42 mv/mm. ‘These 
inhibitory potential gradients were in the opposite direction to that 
produced by the root itself, and at least ten times as great. ‘The 
inhibitory effect of electric current on growth was not confined to one 
segment of the root ; both the region of active cell division and that 
of cell elongation were effected. 

There have been recent reports of the acceleration of growth by 
electric currents (Evers}®’) as well as of changes in curvature (WENT 
and ‘THIMANN??? (1937); also pp 128-130). CHOLODNYy and 
SANKEWITSCH”! (1937) found that the rate of growth of Avena coleoptiles 
was increased by about 30 per cent when an electric current was 
passed through them from base to apex. 

These results obtained with plants are of interest in relation to the 
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effects of applied electric currents on the rate of acid secretion by 
gastric mucosa discussed later. 

Anaesthesia— It is not proposed to deal at length with the effect of 
anaesthesia or narcosis on the potential differences developed by living 
tissue. They have recently been studied by BisHop*4 (1932) and by 
HaRMAN?!36 (1941 ) who gave references to work by Burge and Burr and 
their respective co-workers. Burce’s electric theory of anaesthesia*® 45 
has not been generally accepted, and his experimental work has also 
been criticized. It seems clear that some types of anaesthesia produce 
changes in the pd’s developed in the intact animal, and much evidence 
is available as to the effects of various narcotics on tissue permeability 

Hoéper!42) which is intimately related to the potential differences 
developed. 

Ovulation—In 1935 Burr®? et altt published a note on the detection 
of ovulation in the intact rabbit. The animals were mated, and the 
pd subsequently recorded between the vagina and the abdominal 
surface. Several surges of 7 to 20 mv were observed about 10 hours 
after mating (when ovulation usually occurs). Subsequent laparotomy 
showed the same number of ruptured follicles in each rabbit as the 
observed number of potential surges. 

During the next ten years much experimental work was done and 
a number of papers published on the timing of ovulation by pd 
determinations. ‘The experiments fall into two main classes : a the 
timing of ovulation to within a few minutes by measurements from 
some part of the genital tract and 4 the timing of ovulation to within 
about a day by measurements from external surfaces of the body. 
There is a certain amount of overlapping between these classes. 

Class a includes confirmation by REeBouL, FRrepGoop and Davis*%5 
(1937) of the results quoted above for the rabbit. Burr, MussELMAN, 
Barton and Ketriy®* °® published rather similar results (a surge of 
about 70 mv in the pd between the vagina and skin above the 
symphysis pubis) for a woman, the occurrence of ovulation being 
confirmed by subsequent laparotomy. . 

Measurements throughout the whole oestrous cycle of rats were 
carried out by Rocrrs*47-*49 and by NicHoLas and CaRMosino2?! 
(1944). The evidence suggests that in rats the vagina becomes more 
negative with respect to a point on the body surface (by perhaps 
20 mv) during oestrus than in dioestrus, and that, some hours after the 
first indication of oestrus, a number of sharp pulses (5 to 40 mv) 
occurs in the pd, whose direction is not constant in different animals. 
If the ovaries and tubes are examined immediately after the pulses 
cease, recent eggs are recovered, their number bearing no relation to 
the number of pulses. 
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All these experiments are open to the criticism that the potential 
differences recorded may have been affected by pH changes of the 
vaginal or cervical fluid. ‘These would affect the background pd level 
rather than the rapid pulses observed. Simultaneous electrical and 
plethysmographic records have shown that electrical fluctuations are 
associated with muscular activity in the uterus and vagina (BoLING 
and Burr*’, 1941), and it seems likely that the pd pulses are the result 
of uterine contractions which accompany ovulation and which, once 
initiated, continue and are transmitted to neighbouring parts of the 
uterine and vaginal walls. Bourpr~Lon*4 (1939) made a thorough 
investigation of the pd between the vagina and abdominal surface in 
rabbits, using a galvanometer with 1/30 sec period, and found that 
contractions of the vagina (induced for instance with ergometrine) 
were accompanied by pd pulses, the active portion being negative 
while contracted. Pd measurements have been made directly on the 
ovary by Resour, Davis and FrrepGoop?*4 (1937) who used rabbits, 
and by Snopcrass, Rock and MENKIN®*® (1943) whose experimental 
material consisted of three women in the course of laparotomy 
‘ within the patient’s estimated ovulation time’. The former group of 
workers was able to reproduce the potential change at ovulation 
measured from the vagina by puncturing the ovary ; on the other 
hand the second group observed no greater pd than 2 mv. 

Before considering the evidence under class 6, the approximate 
timing of ovulation by measurements from external surfaces of the 
body, some intermediate experiments should be considered. LANGMAN 
and Burr’ found that in humans the cervix became more negative 
during one or two days at the estimated time of ovulation, and also 
sometimes at the end of menstruation. SNopGRAss, Rock and 
MENKIN?5®> suggested that this negative shift was due to an increase in 
the fH of the cervical fluid. They also found some relation between 
the pd and the temperature difference between the electrodes in the 
vagina and above the symphysis pubis. 

The reports that ovulation could be timed to within a day by simple 
measurements from two accessible parts of the body attracted a con- 
siderable amount of attention, owing to the practical importance of a 
rapid and reliable method for humans. ALTMANN! (1941) published 
positive results for the sow, and Frncu, YERKES and ELDER?!* (1937) 
for the chimpanzee. The successful timing of ovulation in women by 
daily measurements of the pd between fingers of the right and left 
hands was reported by Burr and MussELMANN®® 5? and confirmed by 
PARMENTER?22’ (1939) and others. Positive, but more cautious, results 
were published by Barton!® (1940). The published evidence was 
roughly that, when disturbing factors such as slight abrasions had been 
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eliminated, the steady pd between the index fingers of the right and 
left hand was several times greater during one or two days near the 
middle of the menstrual cycle than on any other day, and in some 
women the pd curve was very similar for a number of consecutive 
cycles. ‘This cyclic variation was absent in men and in non- 
menstruating women. In some experiments the date of ovulation 
could be identified by other methods, and in general it agreed with 
the date estimated from the pd graph. 

In 1943, however, SNopGRaAss, Rock and MEnktn**> published a 
paper on the validity of ‘ovulation potentials’, in which they 
described various careful sets of experiments designed to determine 
factors affecting the pd between two fingers, and their results gave no 
evidence of cyclic potential changes between finger-tips that might be 
related to the occurrence of ovulation. Burr‘*® (1945) published a 
reply to this paper in which he maintained his ground. Crane*? 

1944) found that while pooled results from daily measurements over 
about one hundred menstrual cycles might be related to the occurrence 
of ovulation, individual results could not be relied upon (¢f remarks 
on carcinogenesis on p 110). The distribution throughout the menstrual 
cycle of an abnormally high pd between homologous fingers had some 
similarities to distributions of the time of ovulation estimated by 
various methods (e.g. KuRzROoK!**, 1937). However, individuals gave 
widely different results ; a few showed cyclic variations, but most 
showed none when studied individually. 

The general conclusion seems to be that while in some cases con- 
sistent results are obtained, this is by no means always so, and the 
method is not an unequivocal one for the clinical determination of the 
date of ovulation, as was at one time hoped. Very little is known 
about the variations in the conditions and behaviour of the skin in 
relation to the menstrual cycle. It has been reported by Kiaus!?? 
(1927) that the choline content of sweat is much greater at or near 
menstruation than in the intermenstruum. AsHLEY-MONTAGUE’ (1940) 
has given a review of other variations known or suspected to occur. 
A proper evaluation of the results discussed above must await develop- 
ments in physiology and biochemistry. 

Healing of wounds— Just over a hundred years ago Dv _ Bots- 
Rrymonp!°3 demonstrated the existence of a pd between injured and 
uninjured parts of nerve and muscle, the injured portion being negative 
in an external circuit with respect to the uninjured portion. Since 
then a great deal of work has been carried out on injury potentials in 
nerve and muscle, plants, frog skin and other tissues. The results have 
been reviewed by BeuTNER®* (1944), HEILBRUNN!*® (1947), HOBER!4? 
(1946) and others. 


108 








BIOELECTRIC POTENTIALS 


AND PHYSIOLOGICAL CHANGES 


It is proposed here to deal only with electrical changes accompanying 


the healing of wounds. 
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Figure 2. Variation of mean pd between a deep wound 
at the base of the thumb and neighbouring uninjured skin 
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The measurement of potential changes has been used to estimate the 
acceleration in the rate of healing under different treatments (BARNEs”®, 
and others). 


Reum?37 studied the potential changes following injury to the 
mucosal surface of the dog’s stomach. The injuries were made with 
ethyl alcohol, ether or boiling Ringer solution. In every experiment 
the injured portion became 10 to g0 mv more positive with respect 
to a neighbouring uninjured portion of the mucosal surface, which is 
negative with respect to the serosa. 


Carcinogenesis— The early diagnosis of cancer provides an attractive 
field for almost any newly developed biological method, and it is not 
surprising that attempts have been made to discover a relation between 
carcinogenesis and potential differences developed. Unfortunately 
early suggestions of success (BURR, SMITH and STRONG®?, 1938) have 
not been substantiated (BuRRows, Ror and ScHoBER®®, 1945). 

The first group of workers, referring to Strong strain A mice having 
spontaneous adenocarcinoma of the mammary gland, say that ‘ in 
those mice in which cancer appeared before the 260th day, marked 
rises amounting to several thousands of microvolts were encountered 
in the readings across the chest.... ‘The voltage rise across the chest 





appeared in some instances from ten days to two weeks before the 
tumor was detected by palpation ’. 






The second group of workers induced tumours in Medical Research 





Council mice with the carcinogen 9,10-dimethyl-1,2-benzanthracene. 
They give a statistical analysis of their results, which shows the 






existence of certain significant differences in the pd and its variance. 
They conclude, however, that ‘as almost all the significant changes 
were observed in the pooled experimental measurements and not in 
individual animals, this technique cannot be used at present for the 
early diagnosis of cancer’. Burr, STRONG and SmirH®? also conclude 
in one paper that there is not a specific diagnostic response. At 











present, therefore, electrical measurements do not offer a satisfactory 
diagnostic method for carcinogenesis ; whether they may do so when 
more is known and understood about the pathological changes them- 







selves, remains to be seen. 
















SPECIFIC ELECTRIC ORGANS 





Distribution— It was suggested earlier that the torpedo played an 
important part in the development of fundamental physics in the 
eighteenth century, and that the morphology of its electric organ was 
partly responsible for the design which Volta adopted for his pile at 
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the close of that century. During the nineteenth century the various 
species of electric fish played a less significant part in the development 
of either physics or electro-physiology, and it was not until the 
twentieth century was well advanced that they again became important. 


During the past ten years Coates, Cox, NACHMANSON and others 
have brought to light important information concerning the exergonic 
and (electrical) endergonic processes in electric organs, and the 
relations between them. An endergonic process is defined as one in 
which the free energy of the reactants increases ; energy is required to 
maintain such a process. An exergonic process is one in which the 
free energy of the reactants decreases ; energy is liberated and may be 
available to drive an endergonic process. HiINsHELWoop!*® (1947) 
discusses possible mechanisms of coupling. In living tissues the overall 
reactions are exergonic, although some of the steps are endergonic 
(CORYELL’®, 1940). 

So far as is known the defensive and offensive use of electricity in 
the animal kingdom, for immobilizing enemies and stunning or killing 
prey, is confined to a few fishes and elasmobranchs, although there have 
been some unsubstantiated records for insects and for a snail. In these 
animals the problem of converting chemical energy into electrical 
energy available externally, in some cases at the rate of several kilo- 
watts, was solved many millions of years before man devised inorganic 
systems to do so. ‘The most important species are described briefly 
below ; further details are given in Table II. 

The electric eel (Electrophorus electricus, formerly called Gymnotus electricus)— 
This is the most highly specialized and most formidable of all electric 
fish, developing up to 600 volts on open circuit. It is almost defence- 
less apart from its electric power, and even its eyes are poorly 
developed. The electric eel may reach more than 2-5 m in length, 
but it is not as heavy as the flat Torpedo occidentalis. It inhabits the 
water and marshes of the Orinoco and Amazon, but has proved very 
useful for experimental study in other parts of the world because, in 
contrast to other electric fish, it lives well in captivity and can even 
be kept out of water for some minutes without any reduction in its 
electrical activity. Moreover its electric organs are easily accessible. 
There are three pairs of these which together comprise half the weight 
of the fish : the main organs which extend along the posterior four- 
fifths of the fish and are responsible for the high voltage output quoted, 
the much smaller organs of Hunter which are under the entire length 
of the main organs and seem to discharge with them, and the organs 
or ‘ bundles’ of Sachs lying above the main organs in the posterior 
half of the fish. These discharge separately from the main organs and 
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develop only about 40v (Cox and Coares’®, 1938; Coares and 
Cox7?, 1939 ; Cox*’, 1943 ; CHAGAS®®, 1947). 

Torpedo— About twenty species of the genus Torpedo have electric 
organs developed to some extent. In each there is a single pair of 
organs, which extend from the dorsal to the ventral skin, lying in the 
flat body of the fish just outside the line of gill slits. ‘They usually 
comprise about one sixth of the total weight of the fish (FRrrscu!*}, 
1890). 

Torpedo occidentalis— This is the largest of all electric fish, reported 
to reach over 100 kg. It is found on the North Atlantic coast of the 
United States. The fish can produce an open circuit pd of 200 v or 
more, but the pd is very much less than this if it is in poor condition. 
It is likely that a pair of organs from a single fish can produce a peak 
current of 50 amps, and a maximum power of 6 kw (about 1-5 watts 
per g of electric tissue). 

Other species of Torpedo— Torpedo marmorata, found in the warm 
seas of southern Europe, was studied in some detail by Gorcu!?” 1% 
1888), and more recently by FEssarp1!!? (1946). HUNTER’s!58 
(1773) anatomical study was made at the request of WaALsH on 
torpedoes caught in Torbay in 1773. ‘The larger one was found to 
weigh ‘53 lb avoirdupois (24 kg) and to measure four feet (1-2 m) in 
length, two feet and a half (o-8 m) in its extreme breadth and four 
inches and a half (11 cm) in its extreme thickness’ (WALsH?’7®, 1774). 

The electric ray (Narcine brasiliensis {Olfers} This fish has less well 
developed electric organs. ‘Those studied by Cox and BREDER® (1943 
had an average weight of about 270 gm, one sixth of which represented 
the single pair of electric organs. The peak open circuit voltage was 
37 v, and the maximum power output was never more than 


14 to 37 
35 watts (about 0-5 watts per gm of electric organ). ‘The electric 
organ is well developed at birth, after which growth consists in an 
enlargement of the electroplaxes rather than an increase in their 
number. Narcine shows marked morphological and electrical simi- 
larities to torpedo, and behaves electrically like a smaller edition of it 
(BREDER and SPRINGER®®, 1940 ; Cox and BREDER’, 1943). 

Other rays— Various species of Raja are of special interest in con- 
nection with the development of the electric organ. In the small and 
primitive starry ray Raya radiata, the electric organ is situated in the 
tail, and although extremely small and apparently functionless, it is 
in a state of progressive development: there is no indication of 
degeneration or any evidence that a higher stage of development of 
the electric organ was ever reached in this species (EwArT?°, 1888). 
Other species with electric organs more fully developed include the 
undulate ray Raja undulata (AUGER and Fessarp§, 1939), the thornback 
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ray, Raja clavata (Krayucutn, Boprova and Moaira'’®, 1938), the 
skate Raya batis and the sandy ray Raja circularis (Ewart!®* 11, 1888, 
1892). ‘The electric organ, situated in the tail of most skates and ravs, 
is in general poorly developed, and it is not often realized that such 
an organ exists in so many British species. 

The electric catfish (Malapterurus electricus)— This fish, which still lives 
in the rivers of tropical Africa and the Nile, is pictured on the walls of 
early Egyptian tombs, together with fishermen who must have known 
its electric power. It grows to three feet (1 m) in length, although the 
specimens examined by Gotcu and Burcu!?® (1896) were only 5 to 
6 inches (13 to 15 cm) long. These were caught at the mouth of the 
river Senegal, and were kept in tanks ‘ in excellent health for a period 
of over six months’. The emf developed by 10 cm of excited organ 
was estimated, from the strength and character of the shock it gave, 
to be at least 75 v, corresponding to 40 mv per electroplax (Frirscu!*?, 
BeTHE!®), 

The electric star gazer (Astroscopus)— In three species of this genus 
portions of one or more of the eye muscles have been converted into 
an electric organ, occupying the enlarged orbit in which the small eye 
has been crowded forward and stares permanently upwards (WALLS??%, 
1942). This fish buries itself up to the eye in sand and produces an 
electric shock which results in some other small animal falling into 
its cavernous mouth. A number of Mormyridae and a few other 
fishes also have electric organs. 

Structure of electric organs—In the electric catfish, Malapterurus 
electricus, the electric organ is derived from the integument, and 
consists of a greasy or gelatinous mass surrounding the body from 
head to tail (HEILBRUNN!’, 1947). In other species the organs are 
metamorphosed muscular fibres with their nerve endings and motor 
end plates. 

The electric tissue in the electric rays and electric eel is similar, 
and is different from any other tissue. In the torpedo it consists of a 
large number of small columns or prisms, each extending from the 
positive (dorsal) surface of the organ to the negative (ventral) surface. 
Each column is composed of a pile of electric plates or electroplaxes. 
In the eel the electric organs are divided by horizontal septa into 
layers which correspond roughly to the columns of the organ in the 
rays. ‘These layers are divided vertically by thin septa into a pile of 
electroplaxes. In all species there is a branched nerve ending on the 
negative surface of each plate. 

The electroplax is thus the unit of the ‘ battery’, and in all species 
studied the pd per electroplax has been about 50 to 150 mv 2.e. of the 
same magnitude as other bioelectric potentials. The electric organ 
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functions as such because it contains a large number of units in series 
and in parallel. Du Bots-ReymMonp! (1848) first pointed out that the 
array of electroplaxes is relatively more in series in the eel and more in 
parallel in the rays, as it would be if the resistance of the electric 
organ were made to match the resistance of an external circuit through 
the water, since the eel lives in fresh water and the rays are marine 
species. Thus Torpedo occidentalis may produce a current of 50 amps, 
but the current from the electric eel is not more than about 1 amp 
(cf Figure 3, in which resistances are given for two rays and part only 
of the electric organ of the electric eel). The long body of the eel and 
the flat body of the rays are both suited for developing electric power 
in their own media. 

In the rays the electroplaxes are of about the same thickness all 
along the column, but in the electric eel this is not so. As the cross 
section of the organ decreases towards the tail of the fish, the thickness 
of each electroplax layer increases, in such a manner that the volume 


per electroplax layer is approximately constant. Although the thick- 


ness of the electroplax layer varies by a factor of ten, the maximum 
current density and the resistance per unit area at peak discharge are 
also constant for each electroplax layer at different distances along the 
length of the fish (Cox, Coates and Brown®, 1945). 

For all species studied the peak voltage during a discharge through 
various external resistances 
is linearly related to the peak 
current in them. Figure 3 
shows pd current graphs 
for electric organs of three 
species. The linearity of the 
curves indicates that Ohm’s 
law applies to the organ itself 
1.e. that its resistance is inde- 
pendent of the value of the 
current. This result should 
be compared with that for 
such secretory tissues as gas- 
tric mucosa and frog skin 
(p 127). The resistance of the 
electric organ of the electric 








eel is constant up to a cur- 
60 70 & 5 rent density more than 10% 
rrent (amp) times as great as that for 
; : astric mucosa: it is a highl 
Figure 3. External peak voltage plotted against external 8 {aw ony 
peak current for three species of electric fish specialized organ. 
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Discharge of electric organs— The electric organs of fishes do not 
produce a steady power output, but operate by means of trains of 
discharges. Both the electric eel and Torpedo occidentalis throw off 
fairly regular trains, each consisting of a number of discharges of 
several milliseconds’ duration, separated by intervals of a milli-second 
or so. Coates and Cox’® report three or four discharges per train in 
the electric eel and at least a dozen in Torpedo occidentalis. ‘The peak 
voltage and current referred to earlier in this section are the maximum 
values during any one discharge. ‘The peak power produced is much 
less than their product because they are not produced simultaneously. 
[he maximum power estimated for both organs of one specimen of 
Torpedo occidentalis was a little over 6 kw ; the average power would be 
perhaps 2 kw for one discharge and half to 1 kw for a train of dis- 
charges. The relations between the energy expended electrically and 
that available from metabolism is discussed later. 

One important fact which has recently been brought to light by 
Cox, Coates and Brown®? is that the discharge of the electric organs 
of the electric eel is probably brought about not by the sudden develop- 
ment of a large emf, but by a temporary lowering of their resistance 
which enables a fairly constant emf to pass a large current for a short 
time. This interpretation has however been challenged by Frssarp1!!2 
(1946). If the emf developed is £, and the internal resistance of the 
electric organ and the leak resistance in parallel with it 7 and R’ 
respectively, then the external pd V, measured when the external cur- 
rent is J, is given by V(1 + 7/R’) E lr, 

Figure 4 shows V plotted against / for three instants during the discharge 
of the electric organ of an 
electric eel (after the ini- 
tial rise in voltage). Since 
the slopes of these lines are 
different, either 7 or R’ 
must vary during the 
discharge, and since their 
intercepts are also different 
either & or r must vary. 
Now the three lines (which 
are typical of many other 
sets) are concurrent, as 
they would be, at the point 
I E/R’, V=E),fE 
and R’ were constant and 
Figure 4. Relation between external pd and external r were the variable. The 
current at O°4, 1°0 and 1°2 msec after commencement : 
of a discharge in the electric organ of Electrophorus authors therefore suggest 

electricus™ that the variation in the 
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internal resistance is the primary electrical change by which the 
discharge takes place, the emf remaining practically constant. Except 
during the discharge the resistance of the electroplax boundaries is so 
high that no appreciable current flows. The discharge would be 
started by a very large and rapid increase in the permeability of the 
electroplax boundary to the ions, whose movement constitutes the 
current in the electric organ, its resistance therefore dropping rapidly. 
Davies and Ocstron®? (1950) have given evidence that the initiation of 
HC] secretion in gastric mucosa apparently depends upon a sudden 
rapid increase in the permeability of the oxyntic cell wall to H* and 
Cl- ions. In this case the resistance of the mucosa as a whole actually 
Nothing is known 


increases (CRANE, Davies and Lonemutr®®, 1948). 
about the resistance offered by the various parts of the electric organ 
to current passed from an external source of power. 

In the discharge of the electric organ of the electric eel, a pulse of 
potential gradient is propagated along the organ at a much higher 


speed than that at which nervous impulses are normally transmitted 
(Coates, Cox, RosensiitH and Brown”, 1940). For details of this 
and other properties of the discharges the reader is referred to the 
original papers by workers mentioned in this section. 


RELATION OF BIOELECTRIC POTENTIALS 


2 
TO SECRETORY FUNCTION 

In living tissue, cells do useful work (endergonic processes), expending 
energy derived from exergonic processes during the oxidation of 
foodstuffs. It is known that some of this energy can be stored as high 
energy phosphate bonds and is available as such (LipMANN!8’, 1941 ; 
FRUTON et alii!**, 1944 ; Ocsron and Smiruties**%, 1948). For certain 
secretory membranes it is possible to measure both the respiratory and 
the secretory rates and also the potential differences developed, and 
thus to attempt to discover the part, if any, played by electrical 
potential differences in both exergonic and endergonic processes, and 
in the intermediate storage of energy. 

This section is concerned only with active transport (KRoGH!8» 182, 
1937, 1946) which is an endergonic process, and not with passive 
permeability as in Donnan membranes. Donnan distributions have 
been invoked to account for continuous active secretion, but Donnan 
himself recently denied this possibility, condemning it as a logical 
contradiction (personal communication by DONNAN to HOLLANDER", 
1943). 

The high concentration gradients against which active secretion can 
take place make it one of the most impressive phenomena in the 
physical chemistry of biological tissues. For instance gastric hydro- 
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chloric acid is secreted by oxyntic cells as a solution whose H+ ion 
concentration is several million times as great as that in the cell, 
and this concentration difference is maintained across a distance not 
greater than typ, and probably much less (CRANgE, Davies and 
LoncomuIrR®?), 

Studies of active secretion and absorption— Active secretion and/or 
absorption occurs in various tissues of many plants and animals 
H6ser!42), KroGuH!8?, LunpeEGARDH!*®-199 and ROBERTSON and 
Wiikins*4® 246 have recently discussed active transport of ions by 
various plant cells. Kerys!** 168 and Krocu!*? studied active trans- 
port of Cl~ ions in the gills of fish. Absorption and/or secretion takes 
place in all parts of the gastro-intestinal tract, and both biochemical 
and bioelectrical investigations have been carried out especially on 
gastric mucosa (RrHM?38, ReHmM and Hokin?42, Rice and Ross?4 ; 
TEORELL and WERSALL?®°; CRANE, Davies and LoncmurrR®® 89 ; 
Crane and Davies®’). The acid-secreting oxyntic cells in mammalian 
gastric mucosa are among the most active mammalian cells known 


CRANE and Davies®?). 

Although some insects provide suitable material for the study of 
secretory problems (WIGGLESWORTH?’’), they represent a relatively 
unexplored field, and virtually no bioelectric measurements have been 


made on them. 

The electrical properties of nerve fibres, and active transport of ions 
in them during both resting and active states, have been studied 
recently by HopGkIn!4%, HopGKIN and Huxtey!*® !47, HopcGKIN and 
Katz148 and Keynes!®® 166, 

STIEHLER and FLEXNER®**’ and FLEXNER and STIEHLER!!‘ used dye- 
stuffs to demonstrate maintained oxidation-reduction potentials in pig 
choroid plexus. By the use of acid and basic dyes, they related them 
to the active transport of Cl~ ions into the cerebrospinal fluid. 
FRIEDENWALD and STIEHLER!”’ used similar methods to study the 
secretion of the intraocular fluid by the ciliary body ; there has, 
however, recently been controversy as to whether a secretory process 
is involved (Davson, DuKE-ELDER and Maurice®’, Kinsey!”®), 

Skin, particularly frog skin, has been a favourite experimental 
material. Hur!5?~-157 has carried out a series of investigations on the 
effect of anoxia and respiratory inhibitors on the pd and secretion of 
frog skin, using both open sheets and tied bags of skin. He produced 
a wealth of experimental evidence to show that the transport of 
sodium chloride and of water is an active endergonic process, and that 
the pd across the skin is related to this transport. 

Use of radioactive isotopes— By the use of radioactive isotopes it is 
possible to trace the movements of certain ions among others of the 
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same species, and this technique has obvious applications in the study 
of secretion and active transfer. In a recent review of radioactive 
isotopes as indicators in biology, SAcKs*®? has collected information 
from nearly three hundred papers, and it is proposed here to refer 
only to work of special interest in connection with problems discussed 
elsewhere in this review. The work of Keynes!®> 166 on nerve has 
already been mentioned. 

Hom JENSEN!*” used Na*4, K4? and Cl** to determine the Na+, K+ 
and Cl- uptake in Daphnia magna. JORGENSEN, Levi and Usstnc!® used 
Na*4 to determine the Nat uptake in the axolotl, and Ussinc?®» 266 
used Na?4 and Cl*§ to investigate the influx and outflux of Na* and 
Cl- ions through isolated frog skin, and measured the accompanying 
pd across it. VisscHER e¢ alit?7® (1944) used Na*4, Cl®8 and also D? 
in an investigation on the simultaneous movement of water and Cl 
and Na? ions through the intestine, between the ileal lumen and the 
blood, in anaesthetized dogs. ‘The observed transfer rates were far 
higher than those expected from simple diffusion. Cope, Coun and 
BRENIZER”® found that Na®4+ was absorbed about one hundred times 
as rapidly (per unit area) from the pyloric antrum as from the body 
of the stomach, and that this high absorption rate continued during 
HC] secretion. 

GREENBERG, ef alit!** showed, by the use of Na*4, K4*, Rb8® and 
Sr8®, that the capillaries of the choroid plexus are as freely permeable 
to these cations as those of the tissues generally. Kunsey et alwt7! used 
various isotopes in experiments on the production of aqueous humour, 
the results of which indicate that osmotic work is involved (see also 
p 117 
One importance of tracer studies is that by comparing the variation 
in the measured flux through a membrane (when the concentrations 
of the surrounding solutions are varied) with that calculated for 
diffusion, information may be obtained as to whether or not the 
transport of a species of ion is endergonic. One application, as yet 
little developed, is the determination not only of the relative number 


of ions passing through a membrane under different conditions, but 
also of the absolute number. This is of value in building up a picture 
of the events happening within the membrane in terms of the individual 
ions which take part in them, and in working out the energy relations 


involved. 

Potential difference across secretory membranes— The potential differences 
across secretory membranes are among the highest developed across 
any living membrane (see Tad/e //). It seems clear, moreover, that 
these potential differences are related to the secretory process, and 
cannot be explained on a simple physical basis. 
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The next section shows that the pd across those secretory membranes 
which have been studied (frog skin, isolated frog gastric mucosa and 
dog stomach) is also capable of maintaining a continuous electric 
current through an external circuit, which involves the expenditure 
of a considerable fraction of the energy available from metabolism. 
It would be useful to know whether this is true of all secretory mem- 
branes, and whether it is true of tissues such as muscle and nerve 
which expend energy in other ways. 

Gastric mucosa, which secretes hydrochloric acid (0-12 M in amphibia, 
c.o-16 M in mammals), offers considerable advantages for the simul- 
taneous study of electrical and secretory activity, and has recently 
been used fairly widely, for amphibia by Monpb?!°, DeLRuE!®, TEORELL 
and WERSALL?®, and Crane, Davies and Lonomuir’® 89 ; for rats by 
PATTERSON and STETTEN?”8 ; for cats by MisLowirzeR and SILVER, 
MIisLowITzER, SILVER and RoruscuHiLp”’? and SARRE**? ; for dogs by 
TiraAEv2®?, VENCHIKOV?®; 269° ReHM?4°, ReHM and Hokin?4? and 
Rice and Ross*43 ; and for humans by SwyNGEDAUW?°’, AparirR and 
GoopMan®, QuiGcLey, BARcRorT, ADAIR and GoopMAN?%$, ‘Trragv?®?, 
GoopMAN!2®, Reum and ENELow"!! and Rice and Ross?#?, 

Not all the work referred to above is of equal significance or even 
validity ; with intact animals (including humans) it is extremely 
difficult to control experimental conditions and to interpret results. The 
recent experiments on dogs were done with refined techniques and their 
results are more reliable. With amphibian tissue, which can secrete 
hydrochloric acid in vitro, it is easier to control experimental conditions. 

Figure 5 gives representative results for the change in the pd between 
the mucosa and serosa at the onset of acid secretion induced by 
histamine, and when acid secretion is stopped by the presence of 
thiocyanate. Figure 5a refers to the stomach of a dog anaesthetized 
with sodium amytal?#°, Figure 5b refers to isolated frog gastric 
mucosa’®, ‘The scales are different, and in Figure 5a the dry weight of 
the tissue was unknown so the Q yj (ul per mg dry wt per hr) could 
not be calculated. The ordinate is however proportional to Q qq. Both 
pd graphs give the pd between the secretory and nutrient sides, which 
decreased fairly sharply when histamine-induced acid secretion started 
and rose again (although not quite to its previous level) when this was 
inhibited by sodium thiocyanate. The rise in pd during the first half 
hour after mounting (Figure 5b) was usual’®. 

It seems certain, from experiments with different ions in solution 
and with models, that the pd change on secretion is not a simple 
diffusion pd due to the change in H™* ion concentration ; wide 
variation in the ionic composition of the secretory solution had little 
effect on the pd (ReHM?*°, TroreLL and WersALL?®, Ream and 


Hoxin?#?, Rice and Ross?43; Crane, Davies and Loncmutr®?), 
11g 
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The HC! secreted by gastric mucosa is produced in the pericanal- 
icular zone of the oxyntic cells. On the basis of the evidence available, 
Crane, Davies and Longmuir have suggested an _ electron-cycle 
mechanism for the utilization of energy available from metabolism, 
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Figure 5. Variation of pd across a dog stomach and b isolated frog 
gastric mucosa, and of the rate of HCI secretion 


possibly as high energy phosphate bonds (see BALDw1N®), in an electro- 
chemical process which results in a net separation of the electrically 
charged H+ and OH~ ions. A possible supplementary process for the 
production of H+ and OH~ ions by oxyntic cells (suggested inde- 
pendently by Ropertson***) is the reaction of O, with substrate H 
atoms, via cytochrome oxidase and the cytochromes, to form H+ and 
OH-~ instead of H,O (Crane and Davies**). Evidence as to the 
energies involved are discussed in the next section. 

Pd-current characteristics of secretory membranes— One electrical property 
which seems to be common to secretory membranes, but absent in 
those studied which have no secretory function, is the S-shaped pd- 
current characteristic, the slope of which gives the resistance as a 
function of current density in the tissue. A typical characteristic for 
isolated frog gastric mucosa has been published elsewhere (CRANE, 
Davies and Loncmuir®™), Figure 6 gives characteristics, not previously 
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published, obtained by Crane, Davies and KHALIL in 1948 during an 
experiment on the isolated swim bladder of the perch, Perca fluviatilis. 
In the perch there is no connection between the lung and the swim 
bladder, which contains in the lining epithelium patches of glands 
capable of secreting oxygen and carbon dioxide. KHALIL!®® (1937) 
has given a general discussion of swim bladders ; see also BLACK?*® 28, 

Characteristic A of Figure 6 
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Figure 6. Pd-current characteristic of perch swim bladder : 
A part containing gas gland B part not containing gas gland 
the ratio is about one third. 


Characteristic A is similar in shape to- those obtained for other live 
secretory membranes studied, which are listed in Table VIII. It 
should also be compared with curves for frog skin obtained by 
PuMPHREY 23! 232. Characteristic B is linear, like those for other non- 
secretory membranes, and for dead secretory membranes ;_ the 
resistance was constant for all current densities used. 

The swim bladder of the perch was chosen for illustration because 
it was possible to obtain characteristics for secretory and non-secretory 
portions of the same membrane, and because it shows that the S-shaped 
characteristic is not confined to membranes secreting a fluid, but is 
also obtained from one which secretes gas. 

Table VIII shows results for isolated secretory and non-secretory 
membranes (CRANE and Davies’’, 1950). The membranes were 
bathed with a nutrient solution and/or isotonic NaCl solution ; the 
nutrient solution was that of Kress and HeEnseveir!’® (1932), if 
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necessary made isotonic by dilution, and containing 0-2 per cent 
glucose. The pd across the membrane was measured by means of 
saturated KCI bridges and calomel electrodes. 

The secretory side of all amphibian secretory membranes studied 
was negative in an external circuit with respect to the nutrient side. 
All such membranes mounted alone (without their muscular coat) had 
S-shaped pd-current characteristics, with three linear portions. The 
three duodenal and two rectal mucosae were mounted with the non- 
secretory muscular coat attached, and of these all except one duodenal 


mucosa gave an S-shaped characteristic. 
Of the three isolated mammalian gastric mucosa listed in 7abdle VIII 
polecat mucosa was the only one which secreted acid, and the only 


Table VIL. Electrical Characteristics of Secretory and Non-secretory Membranes*” 








paliieitoy.: | ; | | 
Number Number Number Temp- Approximate 
Membrane | studied giving giving erature pd across 
(all tsolated | S-shaped linear C membrane 
curve (mo) 





Secretory: 
Amphibian 

gastric mucosa 
pyloric mucosa .. ce 
duodenal mucosa ( + muscle 
oesophageal mucosa 
rectal mucosa (+-muscle 
skin 


Mammalian 
polecat gastric mucosa 
hedgehog gastric mucosa . . 
rat gastric mucosa 


Fish 
perch (Perca fluviatilis 
swim bladder (with 
L land) 
Non-secretory: 
Amphibian 
dead gastric mucosa 
stomach muscle layer 


Mammalian 
rat diaphragm 
rat kidney capsule 
guinea-pig atrium 


Fish 
perch (Perca fluviatilis 
swim bladder (no gas gland 


Cellophane 
i. 


* Slight breakdown at 5 ma/sq cm 
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one which developed a pd. All four specimens had S-shaped pd- 
current characteristics. Isolated rat and hedgehog gastric mucosae 
did not secrete acid, developed no pd, and gave a linear characteristic 
through the origin. 

No non-secretory membrane studied exhibited a pd, and all gave 
linear pd-current characteristics (Table VIII) even up to current 
densities many times the breakdown current density of secretory 
membranes. 

Thus every secretory membrane which was known to secrete under 
the conditions of the experiment, except one duodenal mucosa which 
developed only a low pd, had an S-shaped characteristic, and every 
non-secretory membrane had a linear characteristic over the same 
range of current densities. It seems that a constant resistance at low 
current densities and a considerably lower (constant) resistance at 
higher current densities, together with an intermediate ‘ breakdown ’ 
at a fairly well defined current density, may be a specific property of 
tissues containing secretory cells (CRANE and Davies’’, 1950). Results 
are needed for other secretory membranes, and for those which expend 
energy in other ways. 

It has already been shown that the pd-current characteristic of the 
electric organ is linear over the whole range of the current densities 
produced by its own discharge, in some cases up to several amps per 
sq cm (one direction only). No results are available for applied 
currents, either for the discharging or resting electric organ. 

Although secretory membranes are essentially asymmetrical, both 
in structure and function, no well-defined rectification was found with 
any of the membranes listed in TJadle VIII, although some specimens 
showed slight rectification, which might be in either direction. Nerve 


fibres (squid giant axon) on the other hand,-show considerable recti- 


fication, permitting currents to flow more easily outward than inward 
(GuTTMAN and CoLe?!*®, 1941 ; GuTTMAN!34, 1947). ‘hese authors 
found that the rectification and the resting potential decreased with 
time after dissection at the same rate, and that they disappeared 
concurrently. The fact that there is a difference between secretory 
membranes and nervous tissue is not unexpected in view of their 
different structure and function, but the absence of consistent recti- 
fication in secretory tissue is rather surprising. 

BIOELECTRIG POTENTIALS AS A SOURCE OF ENERGY 
Relation between bioelectric potentials and energy available from metabolism— 
There is ample evidence that bioelectric potentials are not maintained 
in the absence of an adequate supply of oxygen, and that they are 
decreased or abolished by respiratory inhibitors. Oxygen starvation 
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has been found to reduce the pd across frog skin to zero, the effect 
being irreversible after 3 to 5 hr with Rana pipiens (LUND!) or after 
20 to 40 min with Rana temporaria (FRANCIS and PumMpHREY!!®). It is 
possible that the differences are due to different material, or to the 


less thorough exclusion of oxygen in some cases. FRaAncis!!7 (1934) 
found that in most skins the pd decreased only when the oxygen 
concentration of the bathing solutions was reduced below 20 per cent 
see also Hur?®®). 

Crane, Davies and Loncmurr®® 8° found that anaerobiosis abolished 
the pd across isolated frog gastric mucosa, but that the pd regained 
its previous value when oxygen was supplied again, even after several 
hours of anaerobiosis. RrHM and Hoxtn?4? and Rice and Ross? 
have shown that the pd across a dog’s stomach wall depended upon 
an adequate oxygen supply to the tissue. 

Similar effects have been observed with plants; for instance BLINKs, 
DarsiE and Skow* found that the pd of Halicystis was reversibly 
inhibited by anaerobiosis. 

Reduction of the pd by respiratory inhibitors has been widely 
observed, but the pd may also be reduced by drugs which do not 
affect the respiration. Francis and Garry!!§ (1938) have discussed 
the effect of numerous respiratory inhibitors on the pd and respiration of 
frog skin ; they say that ‘ at present no single substance has been found 
to lower the oxygen uptake over a period of 1 hour or more and not 
to reduce the potential’. Similar results have been obtained for other 
animal structures and for those of plants (see RosENE*®®, 1947). While 
the processes by which energy derived from oxidative metabolism is 
used to maintain a steady pd in any tissue may be inhibited without 
affecting the initial oxygen uptake, the pd cannot be maintained in 
the absence of this exergonic process. On the other hand a comparison 
between different tissues (see Table IJ) shows that the value of the 
optimal Q o, of a tissue is little guide to the magnitude of an observable 
pd in it. Indeed tissues which have very high Qo, values, such as 
liver, have no membrane suitable for pd determinations. 

The electric organ has proved to be useful material for the correlation 
of biochemical and bioelectrical activities. It has been shown that the 
pd developed by different portions of the electric organ of Electrophorus 
electricus and several other species runs parallel to the cholinesterase 
activity (NACHMANSOHN, Coates and Cox?!, 1941 ; NACHMANSOHN, 
Cox, Coates and Macuapo?i’, 1942 ; NACHMANSOHN, Coates and 
ROTHENBERG?!®, 1946). Cholinesterase is an enzyme which hydrolyzes 
acetylcholine ; the first recorded evidence of a possible relationship 
between it and the electric discharge from fish was the discovery in 
1937 that the electric organ of Torpedo marmorata could hydrolyze 2-3 
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times its own weight of acetylcholine in an hour ; this has subsequently 
been found to be true for other species. 

The resynthesis of acetylcholine requires energy, and NAGCHMANSOHN 
et alui?*8 calculated that during 1,600 discharges of the electric organ of 
Electrophorus electricus the energy available from high-energy phosphate 
bonds by the breakdown of phosphocreatine was 3~—4 times the external 
electrical energy expended. This result was based on the value 1o* 
gm cal for the energy available from the breakdown of 1 mol 
phosphocreatine, and Ocston and Smirutes??3 (1948) (see also Davies 
104 gm cal is available 


» 


and Ocsron®’, 1950) have shown that 2-0 
from 1 mol phosphocreatine, so that the breakdown of phosphocreatine 
The discharge also 


provides twice as much energy as was assumed. 
energy 


leads to lactic acid formation which is itself a source of 
NACHMANSOHN éf alii?1*), and the total electrical energy expended was 
estimated to be 40 per cent of the energy available from both the 
breakdown of phosphocreatine and the formation of lactic acid 
NACHMANSOHN et alii?®®) this becomes 27 per cent if the 1950 figure 
for energy from phosphocreatine is used. The overall efficiency 


electrical energy/metabolic energy was estimated at 20 per cent, on 
the assumption that oxidation would provide about the same amount 


of energy for the reversal of the two exothermic processes, which are 


themselves anaerobic. This is the figure quoted in the last column 
of Table IX. The correct figure is likely to be less than this, probably 
10-15 per cent. 

Bioelectric potentials as a maintained source of electrical energy 
evidence of an output of electrical energy by living tissues has been 


Direct 


membrane 


pws sg em 


Halicystis cell** Oo! 
ma/cell 
Isolated frog skin 116 2 O’or5 
Isolated frog skin?58 } ‘ O 02 
Isolated frog skin‘*® | 2s ‘ 0°02 
Dog stomach?36 3¢ ols 
Isolated frog gastric 

mucosa*® 2! 0°04 
Electric organs** of Tor- 


pedo occidentalis* 120 .000 20,000 





* Entries refer to instantaneous conditions at peak power of discharge. The average power over a train 


of discharges is ¢ one quarter of the peak power. 
** This is electrical energy/metabolic energy per impulse for the main electric organ of Electrophorus 


electricus**® 
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obtained mainly from experiments with frog skin, gastric mucosa and 
electric organs of fishes. Table [X is an extended form of Table I of 
a previous paper®®. All results in it refer to experiments in which the 
two sides of the membranes were connected electrically through a 
circuit of fairly low resistance, and the current densities cited main- 
tained without appreciable polarization. The power produced was 
limited by the external resistance, which differed in each case, and a 
higher power would be expected with zero external resistance. 

Since the thickness and resistance of the various membranes were 
not the same, the electrical power output per mg dry wt is not the 
same fraction of the electrical power output per sq cm for them. 
Srapp?5® (1941) and Lunp and Stapp!®® (1947) used Rana catesbiana 
whose skin is thicker than that of Rana temporaria used by FRaAncts!!8, 
Dog gastric mucosa (REHM?®, 1943) is several times as thick as frog 
gastric mucosa (CRANE et alii§*®) ; moreover the stomach muscle layer 
was removed from the frog gastric mucosa. 

Except for the electric organ, the electrical power output, whether 
measured per sq cm or per mg dry wt, does not differ by much more 
than a factor of ten in the membranes listed in Table LX. The electric 
organ is clearly in a class apart as far as electrical power output is 
concerned, and this is not because the pd across the electrically active 
membrane is greater, but because the structure is such that much 
larger current densities are possible. ‘The average electrical power 
output per mg dry wt during a train of discharges is at least 104 times 
as great as for other structures. ‘The discharges cannot however be 
continued without periods of rest. 

The efficiency, calculated as the fraction : electrical power output 
divided by the rate at which metabolic energy is liberated, is given in 
the last column of Table LX. ‘These figures represent only the order of 
magnitude ; most of the calculations by which they were obtained are 
open to criticism. ‘The average of the three estimations for isolated 
skin is about 3 per cent, and the average for isolated frog gastric 
mucosa and dog stomach is about the same. The value for the electric 
organ {20 per cent) is considerably greater than this ; however it is 
shown on p 125 that this figure is too high, and that the efficiency is 
unlikely to be much greater than 10 per cent. Lunp and Srapp!%5 
have discussed the coulomb efficiency of frog skin i.e. the number of 
coulombs generated by frog skin per coulomb equivalent of oxygen 
consumed. ‘The coulomb efficiency is not a function of energies, but 
of charges carried by ions. 

It must be borne in mind that the structure of electric tissue is 
especially suitable for the expenditure of electrical energy ; the 
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electrical power output in frog skin and gastric mucosa was more 
limited by the resistances in the circuit. We can obtain some estimate 
of the maximum electrical power output which might be obtained 
from isolated frog gastric mucosa if the external resistance in the 
circuit could be reduced to zero, by considering Figure 7. This gives 
the pd current relation for a sheet of frog gastric mucosa both when 
its own pd was the source of power (x — x) and when an external 
source of power was included in the circuit (e—e)8*, The experi- 
mental points, which are typical of those obtained in many experiments, 
lie about the same straight line whether the gastric mucosa provided 
its own source of power or not. Now when sheets of frog gastric 
mucosa were immersed in a beaker of nutrient saline solution at 
250°C the pd across them, 
measured between two 
points close to them, was 
maintained without polar- 
ization at about one fifth 
of the open-circuit value. 
These observations suggest 
that if the resistance exter- 
nal to the mucosa could be 
reduced to zero, the elec- 
trical power developed 

















( (mA) would be the open circuit 
Ccur- 


Figure 7. Relation between pd across a frog gastric mucosa pd across mucosa 
and current throughit: * — X with mucosa as only source rent through mucosa when 

of power, @ — @ with external power source es ° . 
the pd across it is zero. 
This is about five times the greatest observed electrical power output 
(for further discussion see CRANE et alzi8®), 

These results imply that about 10 per cent of the metabolic energy 
of frog gastric mucosa can be continuously expended as electrical 
energy. Similar arguments applied to the results for frog skin suggest 
that this tissue is also capable of expending as electrical power a 
percentage of its metabolic power considerably greater than that 
given in the last column of Table X. It seems likely therefore, that 
the efficiency electrical power/metabolic power is similar in frog skin, 
gastric mucosa and electric organ, in spite of the much greater 
electrical power output of the electric organ and its different mode 
of operation. 

Utilization of electrical energy provided directly —'The capacity of certain 
tissues to convert an appreciable fraction of the energy available from 
metabolism into electrical energy raises the question as to whether the 
expenditure of this electrical energy is intimately bound up with their 
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function. There is also an auxiliary question which it is convenient 
to consider first : can such tissues use energy supplied as electrical 
energy for their normal endergonic functions ? 

It has been known for some time that electric current can affect 
the curvature of growing shoots and roots of plants. Went and 
THIMANN27? (1937) and Evers!®? (1947) have discussed experiments 
carried out at the end of the last century and more recent work 
including that by BraumMeR and Bunninc*® (1930), HARTMANN?3? 
(1931), AMLoNG® (1933), and Kocu!*3 (1934). It is of interest here 
because the curvature is determined by the distribution of auxins, and 
the potential gradient produced by an applied electric current might 
be expected to influence the movement of auxins, since they are 
anions. There is a considerable amount of evidence that this is so, 
but Went and Thimann concluded their discussion with the statement 
‘that the analysis of electrotropic curvatures, so far as it has been 
carried, is suggestive rather than convincing’. SCHRANK*®4 (1945 
came to the conclusion that auxins do not play a primary part in 
determining the pattern of growth. 

There is evidence that the rate of secretion of hydrochloric acid by 
gastric mucosa can be increased or decreased by an applied electric 
current. An electric current passed through either the stomach of 
live dogs (REHM?®*, 1945) or isolated frog or toad gastric mucosa 
Crane and Davirs*4, CRANE, Davies and Lonomurr®) resulted in 
an alteration of the rate of acid secretion. ‘The effect was found to 
be a polar one, currents in such a direction as to enhance the natural 


potential difference (enhancing currents) increasing the rate of acid 
secretion, and currents in the opposite direction (opposing currents) 
decreasing it. With enhancing currents of 1 ma/sq cm the rate of 
acid secretion of frog gastric mucosa was often increased by more 


than 100 per cent ; opposing currents of the same magnitude usually 
decreased it by 100 per cent z.e. abolished it. With dog stomach an 
enhancing current of 1 ma/sq cm produced an increase in the rate of 
acid secretion only of the order of 30 per cent, whereas the same 
opposing current produced a decrease more than twice this amount. 
The change in the rate of acid secretion was roughly proportional to 
the current density (see /igure 875°), 

With both dog stomach and amphibian gastric mucosa the rate of 
acid secretion approached its original value when the current was 
switched off 1.e. the alteration in the rate of secretion depended upon 
the immediate supply of electrical energy. 

The results just quoted refer to gastric mucosa already secreting 
acid ; different effects were obtained if there were no acid secretion 
when the current was switched on. ReExHm?%* found no initiation of 
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acid secretion by electric current, up to 7 ma/sq cm, in any of sixteen 
cases with live dogs. CRANE et alii found that in five out of ten cases 
with secretive isolated frog gastric mucosa, enhancing current up to 
I ma/sq cm did initiate acid secretion, but not in the other five. 
However ‘spontaneous’ secretion of acid occurs in isolated frog 

gastric mucosa, but not in the 





stomachs of live dogs, so that a dif- 
ference in behaviour with respect 
to the initiation of acid secretion 
is not surprising. 





HY 


It is important to stress the specti- 


af 


ficity of the effect of electric current 
on the rate of acid secretion. Many 
experiments were carried out with 
a variety of other live and dead 


Increase im Rote 


° membranes, and on no occasion was 


2 ae en he 
“et O 2 J the secretion of any acid detected 
Current Density (mA/sg cm) ' 








when a current was passed through 
Figure 8. Change in rate of HCI 

by dog stomach when an electric current 1 ed 
through it. (Enhancing current e@ 1 urrent fron alkali secretion due to the passage of 
serosa to mucosa enhancing natural pd ; 


them. No evidence was obtained of 


a current through gastric mucosae 


; 


ing current O 1s current from mucosa to serosa, 5 
opposing natural pd) or any of the other membranes 


used. 

Too little is known about the processes involved to make an accurate 
estimate of the efficiency of the utilization of electrical energy for 
secretion of acid, but attempts have been made with the data available. 
ReHM?”*® calculated that the power used in overcoming the emf of 
dog stomach when an enhancing current was passed through it was 
less than that used in the production of the extra HCI secreted during 
the passage of the current. This indicated ‘ either that the current 
acts, at least in part, as a trigger mechanism or that some other process 
furnishes part of the energy necessary for the production of HCl’. 

Crane and Davies’ §* attempted to calculate the energy relations 
for isolated frog gastric mucosa. Enhancing current (0-4 ma/sq cm 
passed through isolated frog gastric mucosa secreting HCl increased 
the Qi; by an average of 1-0. Since the energy required for the 
secretion of 1 gm mol HCI is probably about 1-0. x 1o* cal, the 
additional Q yc; of 1-0 requires an extra power of 0-5 watt/mg dry wt. 
According to the electron cycle mechanism of HCl production, an 
electron is transferred across a Fe++, Fe+*+* system for each H* and 
Cl- ion secreted (Crane et alii®*), This process could be expedited by 
the pd maintained across the secretory units when an enhancing current 
is passed through it. For a given mucosa the Q yc 1s proportional to 
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the rate of transport of H* ions (and of electrons). Assuming that this 
rate is proportional to the total pd across the units, the calculated 
increase in Q yq agrees with the experimentally observed value. The 
power required to maintain the enhanced pd is at least that needed 
to overcome the resistance of the mucosa (Joule effect), which is 4-7 
watt/mg dry wt for the average mucosa secreting HCl, plus that 
needed to overcome the emf of the mucosa, 0-84 watt/mg dry wt. 
The average overall efficiency of the utilization of directly supplied 
electrical energy for secretory work would therefore be 0-5/(4-7 +-0°84) 
i.e. about 10 per cent. ReHM?%® also pointed out ‘that the total 
electrical energy delivered to the stomach was greater than the amount 
of energy needed for the formation of HCl’ ; the Joule energy was 
not included in his calculations. quoted above. 

Bioelectric potentials as a source of energy in endergonic processes— We must 


now revert to the first question raised on p 127: is the expenditure of 


electrical energy closely related to the function of some tissues ? This 
is obviously the case for the electric organ, but in general much less 
information is available about endergonic than exergonic mechanisms 
in living tissues, and less is known about the relations between bio- 
electric potentials and endergonic than exergonic processes. 

Suggestions that electrical energy is used for endergonic processes 
have not been wanting. As long ago as 1859 BruckE®® suggested that 
the electromotive forces in gastric mucosa may enable it to send an 
acid fluid towards the secretory surface and a basic fluid in the 
opposite direction. Since then many workers (e.g. ENGELMANN?®, 
1872 ; BOENHEIM®?, 1930 ; KELLER?!®4, 1932) have suggested that glands 
produce their secretions by electroendosmosis (see also Mupp?"4, 1926). 
Results obtained with acid-secreting gastric mucosa support the view 
that electrical energy plays a part in the secretion of HCl. The 
technical problems associated with the simultaneous determination of 
Qo, Qua and pd are considerable, but some measurements have 
been carried out (TERNER*®!, 1949). 

An attempt has been made to correlate the energies of the exergonic 
and endergonic processes leading to the secretion of HCI and to find 
out how the electrical energy output which gastric mucosa can maintain 
might be involved (CRANE and Davies*® §*), The energy needed to 
produce the H+ and Cl~ ions, together with the water of the secretion, 
was estimated to be about 1-0 x 104 cal/gm mol HCl. ‘The free 
energy from glucose oxidation which is available for secretion is 
unknown. However, estimates which have been made suggest that 
the thermodynamic efficiency of HCl production calculated on the 
basis of the Qo, increase during secretion is very high—at least 
50 per cent and possibly more than 100 per cent. It may be, however, 
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that part of the energy from unstimulated respiration can be utilized 
for acid secretion. Now since the pd across gastric mucosa decreases 
and its resistance increases when acid secretion takes place, the electric 
power available externally (see p 127) decreases at the onset of 
secretion. It seems possible that some of the electric power previously 
available externally is utilized within the mucosa during acid secretion, 
and thus contributes to the power required to maintain this process. 
Considering average isolated frog gastric mucosa, a Qyq of 2°0 
requires a power of 1-0 watt/mg dry wt. The average increase in 
Qo, during acid secretion would provide 1-8 or 0-93 watt/mg dry wt 
according to two alternative estimates, and the electric power which 
might be available within the mucosa is about 0-3 watt/mg dry wt. 
Even if this energy is included. the efficiency is remarkably high. 


Many more questions have been raised in this review than have 


been answered. Moreover the solution of one problem has often 
raised many more. Clearly much work is needed, particularly with 
techniques designed so that controlled experiments can be performed 


with simple biological systems. 

This review shows that the range of experiments on _bioelectric 
potentials is so wide with regard to material, technique and method 
of approach, and that it impinges on so many fields, that it is extremely 
difficult for a group of workers in one laboratory to acquire sufficient 
knowledge and experience to assess results obtained in all the others 
where bioelectric potentials are being studied. It seems probable that 
the collaboration of a number of workers from different fields, together 
with a wider appreciation of the special problems and potentialities 
of the different materials and techniques in use, could lead to rapid 
advances in our understanding of the processes by which bioelectric 
potentials are maintained, and of their function. 


I wish to thank Dr R. E. Davies for the many helpful suggestions which he has contributed 
during the preparation of this review. 
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PHASE-CONTRAST MICROSCOPY IN 
BIOLOGICAL RESEARCH 


A, F. W. Hughes 


Tue phase-contrast microscope is rapidly becoming a standard instru- 
ment in biological laboratories. Although it has become available only 
in the last two years, its history extends over a longer period. ZERNIKE’S 
original papers! on the principle of phase contrast date from 1934 ; 
the application to the microscope followed soon afterwards?. 

At this time, BurcH in this country was using a Zernike microscope, 


but despite considerable efforts failed to convince either biologists or 


manufacturers of its importance. Brice® states that apparently the 
Zeiss firm were only slowly persuaded by Zernike himself to take up 
the invention. Papers by KOHLER and Loos? and MicHEL® on the 
function and use of the phase-contrast microscope appeared under 
Zeiss auspices in the early 1940's. In 1942 BburcH and Strock® described 
a method of preparing and fitting a phase-plate to a standard 2 mm 
objective. 

The present period of general interest in the phase microscope dates 
from the time when in 1946 MicHEL’s memorable film on the spermato- 
genesis of a grasshopper was brought to this country, and the phase- 
contrast principle acquired the status of a German technical secret. 

The explanation of the phase-contrast principle given by Burcu and 
Stock® will probably suffice for most biologists who use the instrument. 
More recent papers on the theory of the instrument are those of 
MartTIN’, PAyNE® and Berri’. Among technical articles on various 
aspects of the phase microscope are those by BENNETT!” ef altt, ‘TAYLOR! 
and OsTERBURG??. 


PHASE MICROSCOPY IN BIOLOGY 


The purpose of the phase microscope is to form a magnified image of 
a transparent unstained object in which are slight inhomogeneities of 
refractive index. For the biologist, the obvious application is to living 
cells and tissues, although its use in biology is not confined to unfixed 
material. Barer? has shown that the phase microscope may advan- 
tageously be used on sections in which a specific staining reaction 
leaves the general features of the tissue unrevealed by the ordinary 
microscope. Prxc!* examines in this way sections in contact with 


137 





PHASE-CONTRAST MICROSCOPY IN BIOLOGICAL RESEARCH 


autoradiographs, to obviate the risk of displacement of the section 
during ordinary histological procedures. 

Wherever a suspension of cells, or a thin layer of a tissue can be pre- 
pared without distortion, a phase microscope can almost certainly be 
used to study the form and arrangement of cells. Barer has even 
been able to study, with its aid, details of the nervous system within 
an intact insect larva. Where, however, the unit is the individual cell 
rather than the tissue, we are necessarily limited to those cells in which 
differences of refractive index are to be found in life. Probably most, 
if not all cells of vertebrate animals are of this kind, but it seems probable 
that many plant cells are uniformly refractile. Among the spermato- 
cytes of various orthoptera, there is considerable variation in this 
respect as is shown by Bear}. 

The assistance which is given by the phase microscope in the study 
of a transparent object is naturally greatest where the inequalities of 
refractive index are too small to enable them to be revealed adequately 
by the ordinary microscope. Cells in the outgrowth of cultures of 
vertebrate tissues come into this category (ZOLLINGER!*, HuGuHes and 
Swann!’). Although the ordinary microscope in the hands of Cant1!8 
and Lewis!® has been of great value for the study and photographic 
recording of living cells in culture, the phase microscope reveals much 
finer detail within the nucleus of such cells than can be seen by any 
other means. 

With the normal positive phase-contrast system, a granule in the 
object which gives rise to a retardation of A/4 or less, when in focus 
appears in the image as a dark spot on a lighter background. Imme- 
diately on either side of the focal point the contrast is reversed. Beyond 
this point out of focus detail seems not to affect the image, and so it is 
possible to focus through an object such as a living cell, and bring into 
view a whole series of entirely separate images through vertical dis- 
tances of the order of 10 » or more. The depth of focus of a phase- 
contrast system at high powers is almost nil. The phase microscope 
can be used on objects much thicker than is possible with dark ground 
illumination, provided that nowhere within the object are retardations 
which greatly exceed 4/4. 

Where the retardation in the object exceeds 4/4, the contrast of 
the object detail decreases, and ultimately, beyond the point of phase 
reversal it is replaced by brightness and glare. In an object where 
large retardations occur, the study of the finer detail is much impeded. 
Thus in cells in the outgrowth of tissue cultures, fine detail within the 
nucleus and the chromosomes during division can readily be seen, 
provided that the highly refractile lipoid material in the cytoplasm is 
not too abundant. Where phase reversal is predominant in an object, 
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then the phase microscope has no advantage over the ordinary bright 


field method. 


PHOTOGRAPHY 

Preparations which are studied under the phase microscope are often 
transient, and if living, may be in continual change. Photography is 
therefore of great importance in recording observations, as shown by 
the work of RicHArps”®. The technique of serial photography on cine 
film in the study of living cells by phase micrography has been described 
by Hucues?!. For demonstrating fine detail in the cell, the contrast 
given by the phase microscope needs to be enhanced by the use of a 
high contrast film of slow speed. A limit is set by the light sensitivity 
of the living object, but it has been found possible to follow a cell 
through mitosis and for several hours afterwards, when photographed 
at intervals of a few seconds on a high contrast 16 mm film. This is 
illustrated by the series of photo-micrographs in Figure 1 ; the culture 
was prepared by Fell. 

Since phase-contrast study is generally combined with photo- 
micrography, the contrast in the resulting photograph can be readily 
varied by choice of the sensitized materials, when a standard _ phase- 
contrast objective is used. A system of varying contrast by optical 
means alone has been described by TAytor?*. In both methods, 
increase of contrast requires that more light is transmitted through 
the object. 


LITERATURE ON PHASE-MICROSCOPICAL RESEARCH 


Since the phase microscope has only become generally available within 
the last two years, only a few papers on research involving its use have 
so far appeared. These, however, have indicated some of the lines 
along which further advances are to be expected. 

LupFoRD, SmiLEs and WELCH? have studied cells of a malignant 
tumour and have compared their appearance by phase-contrast and 
ultraviolet microscopy. Some of the photographs of this material 
which these authors have exhibited at demonstrations within the past 
year must be among the most striking photomicrographs ever produced. 
Austin and Sites? have studied the fertilization and early develop- 
ment of the rat egg by phase contrast, and have shown that even for 
cells of the size and thickness of a mammalian ovum the phase micro- 
scope can be used to great advantage. Various aspects of mitosis of 
cells in tissue culture have been studied by HuGuHes and Swann", 
HucGues and Fe.i?°, HuGcues and Preston?® both in normal material 
and under the influence of chemical reagents. 

ZOLLINGER!® 27-29 has published a series of papers on experimen- 
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tal cytology. He has studied the effect of a variety of treatments 
on suspension of cells, for instance from the frog kidney and from 
human tumours. The formation of blisters on the cell membrane, 
the appearance of mitochondria during cytolysis, and the effect of 
fixatives on the nucleus are among the topics with which Zollinger has 
been concerned. Orrrie*® has examined living human spermatogonia 
by phase-contrast and concludes that ‘ structures are revealed which 
resemble the Golgi apparatus of impregnated cells ’, but that these are 
inconstant in form. 

RicHArpDs*! has examined different species of living bacteria in 
cultures by phase microscopy. He stressed the value of the method in 
measuring living cells, and gives a number of results. He states that 
‘the uncertainty of measurements reported is less than the usual figures 
of o-2 uw for white light’. Some of the larger bacteriophages have also 
been seen by phase-contrast, and the lysis of bacterial cells by bacterio- 
phage has been followed by this means by Horer and Ricuarps*? and 
RIcHARDSs?!, 

The apparent increase of resolution given by the phase microscope 
has been utilized by BARER** to observe the elementary bodies of 
psittacosis and vaccinia virus. These are rendered visible in the phase 
microscope although strictly speaking they are not resolved. 

In a few years’ time the literature on the use of the phase microscope 
will probably be much larger. Of the newer developments in micro- 
scopical methods during the last decade, phase-contrast may well 
prove the most important, because it alone enables living cells to be 
studied without injury. But where it is used in combination with other 
methods, we may expect the most fruitful results. 
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LOCAL REFRACTOMETRY: 
THE OBSERVATION OF TRANSPARENT 
INHOMOGENEOUS MATTER 


a St. 2. Philpot 


In the examination of biological material, whether in situ or isolated, 
the unspecific distribution of total matter is usually of interest in addition 
to specific distributions of individual substances. Both sorts of distri- 
bution can often be measured optically, the unspecific by local refracto- 
metry, and specific ones by local absorptiometry. For instance in 


visual microscopy colourless specimens are observed by local re- 
fractometry and stained ones by local absorptiometry, with different 
stains revealing different substances. Similarly in the measurement 
of sedimentation constants, diffusion constants, and electrophoretic 
mobilities of dissolved substances, local refractometry is used for 
observing all the major components in a mixture, while local absorptio- 
metry often can be used for observing one or more minor components 
in the presence of large amounts of less interesting major ones. 

The measurements of sedimentation constants etc are so arranged 
that the distribution of substances is inhomogeneous in only one 
dimension. In microscopy the inhomogeneities are three dimensional, 
though they are often reduced to two dimensions by using thin sections. 
This review is a general account of methods used in one, two and three 
dimensional local refractometry. They are mostly adapted from well 
known methods for testing lenses and mirrors!-*, Local refractometry 
etc will be referred to for brevity merely as refractometry etc. 


OBSERVATIONS IN THREE DIMENSIONS 


The three dimensional case may be dismissed briefly because although 
it is the most important one in microscopy no quantitative theory of it 
seems to exist. This is presumably because the easier two dimensional 
theory still keeps mathematicians fully employed. The three dimen- 
sional problem is particularly complicated because light used for 
observing any one inhomogeneity can only reach it through neigh- 
bouring inhomogeneities. A measurement therefore gives not the 
refractive index but some integral involving, roughly speaking, the 
refractive index at all points divided by distance from a chosen point. 
The refractive index is only obtainable from this integral by solving 
an integral equation. The problem is like that of x-ray crystal analysis 
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OBSERVATIONS IN ONE AND TWO DIMENSIONS 


except that the light is focused by lenses and that the object is usually 
an aperiodic continuum instead of a periodic point lattice. 

For qualitative purposes the assumption is usually made that if a 
thin and not too inhomogeneous system like a living cell is uniformly 
illuminated, and if a plane through the system, called the object plane, 
is focused by a lens to give an image plane said to be conjugate with 
the object plane, then a small refractile particle in the object plane 
will be represented at the conjugate point in the image plane by a 
highly localized retardation of phase. This has been proved to be true 
in the two dimensional case, within limits set by the resolving power 
of the system, and under favourable conditions it is undoubtedly a 
good approximation even in the three dimensional case. 

The magnitude of the retardation in the image depends roughly on 
the product of refractive index and thickness of the particle, averaged 
over all directions within the illuminating beam. The greater the 
aperture the less will be the effect of particles not in the object plane, 
1.e. the shorter will be the focal depth. Thus a high aperture system 
cuts a thin optical section and can reduce the problem in favourable 
cases from a three to a two dimensional one. Three dimensional space 
perception can still be provided by a binocular eyepiece, which 
enables a pile of image planes to be viewed stereoscopically, each image 
plane giving an optical section of its own object plane. In this process 
the eye presumably accommodates and converges on successive image 


planes in rapid succession, using the same coordinating reflexes as in 
normal binocular vision. 


In questions of aperture a distinction is necessary between illumina- 
tion aperture and viewing aperture. The scale of the diffraction pattern 
in the image of a solitary point object, expressed as distances in the 
object plane, depends solely on the viewing aperture, but the inter- 
action between images of adjacent objects depends on the coherence 
of their illumination, which depends in turn on the illumination 
aperture. Coherence may be defined as the mutual property of two 
wave motions which determines whether they add by vector addition 
of amplitudes or by scalar addition of intensities (see Appendix I). 
The importance of high aperture illumination is not only that it gives 
more light but that by diminishing the coherence it decreases the inter- 
action between adjacent images i.e. it increases the resolving power 
and decreases the focal depth. 


OBSERVATIONS IN ONE AND TWO DIMENSIONS 


One and two dimensional refractometry differ from each other only in 
two points. In one dimensional refractometry the second dimension is 
available for automatically plotting a graph of the refractive index or 
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its gradient: 29-33, 35-38, the first dimension being used as abscissa 
to show position in the object. In two dimensional refractometry both 
dimensions are needed to show position, and the refractive index can 
only be shown as contour lines along which it or its gradient is constant. 
The optical stops are usually rectangular for one dimension and circular 
for two dimensions, to give a radially symmetrical viewing system. The 
one dimensional diffraction patterns therefore depend on Bessel func- 
tions of half-integral order, such as (sin x)/x and its integral Si (x), 
together with the corresponding cosine functions, while the two dimen- 
sional patterns depend on Bessel functions of integral order. 

When an image of an inhomogeneous illuminated object is formed 
by a lens, the inhomogeneities deviate the light and the lens corrects 
these deviations, returning the light approximately to the conjugate 
image point. This phenomenon may be used in two distinct ways, 
each the basis of several methods of study. In what may be called 
afocal methods the object is out of focus so that the deviation can be 
directly observed, though the deviating point in the object must be 
determined indirectly. In focal methods the deviation is cancelled by 
focusing the object, so that the deviating point is obvious but the 
deviation must be measured indirectly. 

The self-plotting one dimensional methods can be described as 
astigmatic since the object is defocused in the second dimension. They 
can still be classed as afocal or focal in the first dimension. The 
varieties of afocal and focal methods will now be enumerated. 


AFOCAL METHODS 


X-ray crystal analysis— Though not optical, this technique should be 
mentioned as an interesting example of an afocal method. Here the 
deviation results from periodic inhomogeneities and varies inversely 
with their spacing. Their positions are of no interest apart from their 
spacing, so that the problem of location is obviated. The Abbé 
spectra’, observable in a microscope objective when viewing a 
periodic object come under this heading. With an aperiodic object the 
first order spectra broaden and the higher orders become faint though 
still important. Their chief interest for present purposes is in helping 
to understand some of the methods described below, but care is neces- 
sary to avoid attributing toaperiodic objects phenomena peculiar to 
periodic ones. 

Narrow pencil illumination— This form of illumination in microscopy 
is an afocal method, consisting merely in observing a slightly defocused 
object with small illumination aperture. The deviated light is observed 
against a bright coherent background as near to the focus as possible, 
to reduce the area within which the originating inhomogeneity must 
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be located by guesswork. Though this method is unsound, as empha- 
sized by ZERNIKE‘, it is the most convenient of all and can give 
surprisingly good results in skilful hands. It is therefore widely used 
for observing tissue cultures. The contrast obtainable decreases with 
illumination aperture while the brightness and resolving power, as 
effected by coherence, increase. Success thus depends on a careful 
adjustment of both focus and illumination aperture. 

Lamm scale method— For studies in one dimension this was the first 
refractometric method? to be devised for the ultracentrifuge and though 
laborious it is still possibly the most accurate. A fine scale is photo- 
graphed through a slightly defocused ultracentrifuge cell, the refractive 
gradients of which deviate the images of the scale lines. The deviations 
are measured by comparison with an undeviated image, and the 
location of the inhomogeneity in the cell is based on the fact that light 
reaching a deviated image has passed through the cell at the level of 
the undeviated image. As with most afocal methods, a small aperture 
is necessary. If the illumination aperture is small, it should be permis- 
sible for the viewing aperture to be large and vice versa. The former 
arrangement gives a narrower diffraction pattern and_ therefore 


greater resolving power, but in practice the latter is used, presumably 


to avoid the confusion which arises if the diffraction patterns are too 
sharp and do not blend with their neighbours. A short focus modi- 
fication of Lamm’s scale method was introduced recently by SvENsson®. 

Gouy’s method— One of the earliest afocal methods, due to Gouy’, 
was recently rediscovered on both sides of the Atlantic®!!. This method 
is probably the best for the measurement of diffusion constants under 
ideal conditions where the gradient of refractive index is related to 
position by the simple Gaussian formula exp (—x*). It is not suitable for 
the observation of moving boundaries as in sedimentation and electro- 
phoresis. The undeviated light from a slit is focused to a horizontal 
line image, which is spread out over a considerable height in the form 
of overlapping diffuse Abbe spectra when the light is deviated by the 
diffusion cell placed near the lens. By the * principle of stationary 
phase *!? each level in the deviated image receives light mainly from 
two levels in the diffusion cell, above and below the middle, where the 
gradients have a value proportional to the deviation in question. At 
certain levels these two contributions are out of phase and give black 
interference fringes which move towards the middle as the gradients 
are diminished by diffusion. From their rate of movement the diffusion 
constant can be obtained accurately even in dilute solutions. ‘The 
method has been extended by Ocsron!* to the analysis of mixtures. 
By counting the number of fringes and inserting a double stop which 
converts the instrument into a RAYLEIGH refractometer!‘, the total 
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retardation due to the undiffused solute needed for calculating the 
diffusion constant can be obtained accurately. 

Rayleigh refractometer— In its original form this may be described as 
a zero-dimensional afocal method, so arranged that interference fringes 
are deviated proportionately to difference of retardation in two rect- 
angular homogeneous areas. It has been adapted by CLagsson?® for 
continuous measurement of concentration of eluate in a chromato- 
graphic column (‘ frontal analysis’). PHrtpor and Cooxk?® transformed 
it into an astigmatic focal method for automatically plotting retarda- 
tion against height in an ultracentrifuge cell. This was done as usual 
by means of a cylindrical lens which focused the cell in one dimension 
while the deviated fringes in the slit image were focused in the other 
dimension. The same transformation can be applied!’ to another well 
known zero-dimensional afocal method which was made into a self- 
plotting photoelectric method for flowing eluates by Claesson. Here 
the fluid object is contained in a hollow prism ; light from a vertical 
slit is deviated sideways proportionately to the refractive index. In 
the astigmatic form the prism is focused vertically by a cylindrical 
lens while the slit is still focused horizontally. Rough tests of this 
with diffusion boundaries seemed quite promising, and the method 
might be useful for electrophoresis, but for the ultracentrifuge it involves 
a difficult problem in cell construction and is probably impracticable. 


THEORETICAI TREATMENT FOR FOCAL METHODS 


As explained above the term focal is used here to describe any method 


of refractometry in which the plane of observation is conjugate with 
the object whose retardation is to be studied. ‘The basis of all focal 
methods has been clearly stated by ZERNIKE!S in discussing his phase- 
contrast method which is one of them. ‘The present statement is 
developed from Zernike’s in an attempt to include the practically 
important but theoretically intractable case of an extended light 
source and an objective of finite aperture. 

Consider an unpolarized forward-travelling beam of light defined 
by its amplitude /. The definition of F, which for present purposes is 
a scalar complex amplitude, is given in Appendix IT. Let Fy(7;,4;,7%4,44) 
be the value of F at the point (7,, 4,) on the normal plane surface z = x, 
due to a unit oscillation at the point r;,;) ON Z z, where z,r,¢ are 
cylindrical coordinates and j,k = 0,1,2, etc. Then Huygens’ principle 
can be expressed in the form 

"Bm Bm 


F, = | r, | Fi, Foy by, Uy = HF F ys 


U 
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where H 


m 


may be called the ‘ Huygens’ operator’, commuting with any 
quantity which is independent of r,,, and z = z,, is any intermediate 
surface, while rg,, = Sg,,(¢g,) 1s any function defined by a stop S,,. 
The region of integration 7.e. where light gets through, will be called 
the bright part of S,,, and written Sz,,, and the rest will be called the 
dark part, Sp,,. If the surface z) is an incoherent light source of unit 
surface brightness, the intensity 7.e. the observed quantity that affects 
the eve or a photographic plate, is given by 
"Bo ? Be 
[ [Fs F ,.d¢,dr, = IF, 
0 

where J may be called the ‘ intensity operator ’, which when acting on 
any quantity independent of (r,,¢,), merely converts it to the square of 
its magnitude. Now let z = z, be an object surface with a field stop S). 
In practice both S$, and S$, are projected images, and the light at z, 
is not completely incoherent since the source is further back and 1s 
projected on to either z, (Koehler illumination) or z, (critical illumina- 
tion)** ; but these complications will be neglected for present purposes. 

On the object surface z, let there be an object represented by 
O(r,,¢,) a variable complex number whose magnitude Oy, is the square 
root of the transmission coefficient measured by absorptiometry, and 
whose phase Op» is the retardation measured by refractometry. In any 
plane z; beyond z, the object changes the amplitude from F;, to 


O; = H,OFy,F;,; 
The relative intensity, which indicates the effect of the object, 1s 
R = 10,/IF,; eae 


The image plane conjugate with z, wHl be called z3, and between 


1 


z, and z, there is assumed to be a plane z, conjugate with z,, containing 


a second aperture stop S,. Applying equation 3 to the image plane 3 
gives 
O; = H,OF yi F413 eee 
where Fj, is the diffraction pattern surrounding the image in plane 3 
of a point in plane 1. For any point (73,43) where O is constant over 
the whole of F,;, which usually covers a very small region, O commutes 
with /7,, so that O; becomes 
Os = OF, F oF 13 = OF o3 ee 


where O, and O refer to conjugate points. Under these conditions the 
relative intensity in equation 4 reduces to 
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and depends therefore solely on the intensity transmission coefficient 
Oj, of the object, not on the retardation Op. The image of a trans- 
parent uniformly refractile object O = e°r, viewed by an ordinary 
microscope, is therefore completely invisible, however it is illuminated, 
except within the region of the image covered by the diffraction pattern 
of its edges. 

If it is desired to make the uniform part of an object visible, the 
diffraction pattern of the edges can be broadened by operating on the 
aperture of the objective. The pattern can be so arranged that it has 
a sharp central peak surrounded by a diffuse halo, as in the case 
discussed by ZERNIKE!® where a small part in the middle of the aperture 
is operated on. This causes the middle of a fair-sized object to be 
visible, provided that the source Sz is small enough to be focused on 
the modified region of the aperture, without appreciable loss of 
resolving power. Any such focal methods in which visibility is im- 
proved by operating on the objective aperture will be called here 
aperfocal. The term covers the ordinary dark ground method in all 
its forms, and Zernike’s phase-contrast method. It implies division of 
the aperture into two parts which give different treatments to the 
corresponding components of the beam of light, a process which is 
familiar in interferometry where it is called aperture splitting and is 
exemplified by the Rayleigh refractometer as mentioned earlier. 

There is an alternative way of splitting a beam into components, 
which is called amplitude splitting, and focal methods employing it will 
be called here amplifocal. It is exemplified by the various interference 
microscopes, though the latter term is ambiguous because interference 
can be produced by aperture splitting too. Amplitude splitting is 
achieved by means of partial reflectors, which can split a beam into 
exact replicas whose amplitudes can have any relation subject only to 
conservation of energy. When two such replicas are suitably directed 
against opposite sides of a partial reflector they undergo a linear trans- 
formation giving two other replicas, one of which may be given zero 
amplitude so that the other can have the original amplitude if desired. 
This principle is familiar in ordinary interferometry?, but its application 
to high power microscopy is more recent!**%. If the object is between 
a splitting and a recombining partial reflector, so that it affects only 
one component beam, the relative intensity in the image plane is 
transformed to 


Ry i T1003 T T rlo3 IF o3 


where J»,7,; are complex numbers independent of 7,¢ and subject 
only to the energy condition 7944+ 7\<1. For points in the image 
where equatton 6 is valid i.e. where the object O is sufficiently uni- 
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form within the area of the point diffraction pattern F’,, to be accurately 
reproduced in the image O03, equation 8 reduces to 
R; a T00 r Tr Fos IF o3 iis T00 Tr Ty M IF 3 IF 93 T0 T Tr) M 
ee = COU 
— TomOm — Tea + 2. Tos T pmOm COS Op + Top - Trp 
IO) 


which reduces further to 


Rr = T; + TE cos Tp(cos Op — 1) + sin Tp sin Op> 


ee} 
when the object is transparent (Oy = 1). Subscripts M, P refer to 
magnitude and phase as usual, and 
Tg = Tow + Tram + Te cos Tp sean ee 
is the background intensity, while 
27; 47 om] em é ie ie 13) 
is the efficiency i.e. the fraction of object-m>dulated energy collected, 
and 
Tp T op aaa T rp » eee 14) 
can be chosen to make the relative intensity depend on either sin Op 
or cos Op or on both. If 7, + mand Toy = Try = $, so that 
9° 
equation 11 becomes 
Ry = (1 — cos Op)/2~ Op 4 when Op K 2/2 aie 16) 
This may be called the efficient cosine case. The efficient sine case 
Tp = (n + 4)0,2T; l ae 
is similarly 
Ry = +- sin Op)/2 ~ (1 + Op)/2 when Op < 7/2 .... (18 
Inefficient sine and cosine cases are obtainable with other values of 
Tom, Tem, and hybrid cases with other values of 7p. When Op < 2/2 
the sine case is linear in Op while the cosine case is quadratic. This 
was first noticed by ZERNIKE** who was led to it by consideration of 
Abbé spectra and who managed by means of his phase ring to produce 
a partial sine effect in an aperfocal system. The linearity in the sine 
case distinguishes positive from negative retardations and gives more 
object-modulated energy when Op, is small. This is important for 
photography of small objects in Brownian movement ; but for visual 
observation the visibility is mainly determined, within the region of 
validity of the Weber-Fechner law, by the visual contrast, log (image 
intensity/background intensity). The visual contrast is infinite in the 
cosine case and tends to zero for small Op) in the sine case, so that the 
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term phase contrast for Zernike’s method is unfortunate. Actually he 
recommends a hybrid case corresponding to 
Tp = 7 + Opmax Pies - (19) 


where Op>,,.. is the greatest value of Op that it is desired to observe. 


max 


This gives infinite contrast for the one chosen value of Op. The 
Weber-Fechner law, however, is not the whole story in questions of 
visibility, and further study from this point of view would probably 
make the sine case, or Zernike’s hybrid, seem more favourable. The 
pure sine case cannot be produced by Zernike’s method unless the 


phase ring is less absorbing than the rest of the aperture, as shown in 
Appendix IV. Zernike’s method in the form that he recommends 1s 
highly inefficient in the sense that 27, <i if R; refers to full aperture 
illumination, because his source only fills a small fraction of the aper- 
ture. The efficiency can be calculated roughly in any specific case with 
the aid of Appendix IV. 


AMPLIFOCAL METHODS 


The theoretical simplicity of amplifocal methods, resulting from their 
power of achieving exactly the transformation expressed in equation 8, 
is offset by considerable technical difficulty in making the recombined 
replicas coincide exactly. For instance, although the MeErTOoN 
method?!, 2? produces a series of replicas which have passed different 
numbers of times through the object, as is necessary for visibility in 
the amplifocal method, they cannot be superposed exactly unless the 
thickness of the object is negligible compared with the wavelength. 
If the object has thickness ¢ there is a longitudinal array of replicas of 
the illumination system and object, spaced 2¢ apart when measured in 
the medium of refractive index » surrounding the object. The spacing 
causes the relative retardations of rays in the recombined replicas 
going to the objective to depend on the angle @ that they make with 
the z axis. The relative intensity in the image plane, due to an ele- 
mentary ring of aperture corresponding to @ is given by 


> I b)? sala 
i; = —-—— aa ore 


1+ 2b cos (20> + Que cos 8) 





where 4 is the reflection coefficient of the partial reflectors. The main 
drawback of equation 20 as compared with equation 8 is that the 
periodic dependence on @ causes the object to have reversed effects in 
different parts of the aperture, so that the average effect over the whole 
aperture is small unless ¢ is very small. Merrron?? met this difficulty 
by inserting a zone plate, cutting out all but certain angles of illumina- 
tion. The primitive low aperture form of the Merton method, con- 
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sisting merely in using rhodiumized slides and coverslips in an ordinary 
microscope, is simple and elegant, but the need of a zone plate at high 
apertures spoils both its efficiency and its practical convenience. The 
trouble is due to the use of multiple-beam interferometry, producing 
as it does an inseparable series of replicas in different positions. 

The standard way of making replicas coincide exactly is by means 
of double-beam interferometry, where two replicas are isolated and 
handled separately, as in the Michelson interferometer*. This has 
been applied to microscopy by Linnik*°, and developed by KinpER?, 
giving an instrument in which any values of 7) and 7; in equation 8 
can be obtained at will with full aperture for both illumination and 
viewing 2.e. with perfect efficiency. The Linnik method should be 
ideal in reflectometry (metallography), though its adjustment, as with 
most double beam instruments, requires precision in manufacture and 
skill in operation. In refractometry the Linnik method has the slight 
drawback that when a transparent object rests on the mirror the light 
passes twice through it and gives two contiguous image planes, mutually 
reversed in the z direction, which confuse each other. The two image 
planes can be made coincident at any chosen level in the object, if the 
mirror immediately below the object is replaced by a second, inverted 
objective at the centre of a concave mirror whose surface coincides 
with the image plane of the second objective. The returning light then 
carries an image coincident with the object, and gives a single final 
image plane. This would appear to lead to an efficiency greater than 
unity, as measured by equation 13, because all the light scattered both 
forward and backward in two passages through the object is used, but 
the question is full of pitfalls which will not be discussed here. Ideally 
this modified method would require four perfect objectives, two in the 
object beam and two in the comparison beam. In principle the two 
latter could be replaced by a fairly simple low aperture lens system, 
at least for the centre of the field. The main trouble with such a method, 
which has been tried roughly!’ but deserves further study, is the com- 
plexity of the adjustments. Another possible way of avoiding the 
slightly defocused second image is to defocus it still more, thereby 
blurring it out completely e.g. by placing a transparent film between 
the object and the supporting mirror. This also deserves study. The 
same principle is used in a microscope** based on the cyclic form of 
Michelson interferometer. Here the two replicate beams pass in 
opposite directions through opposed objectives with the object in 
between. There are then two image planes whose distance apart can 
be altered at will. If they coincide they will mainly interfere and 
become invisible unless the object is thin compared with the wave- 
length. One image plane is therefore usually defocused enough to 
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make its disturbing effect barely perceptible. This cyclic system is 
fairly easy to adjust except that the objectives need a very fine and 
rigid centring adjustment. It is as easy to use with white light as with 
monochromatic, so that the continuous background of a high-pressure 
mercury lamp does not disturb it. Both this method and the Linnik 
method need high grade objectives, but these are necessary for good 
image formation in all methods, and a method which automatically 
detects a poor objective or bad alignment is sometimes positively 
advantageous. 

When the splitting and recombining partial reflector in an amphli- 
focal method are one and the same, as in the Michelson interferometer, 
one of the two emerging transformed replicas has Toy and Tpy in 
equation 10 automatically equal, as required for maximum efficiency. 
In the cyclic type** this balanced replica returns towards the source 
and cannot be used unless another partial reflector separates part of 
it from the illuminating beam travelling in the opposite direction. 
This is inefficient, and it is better to use the other replica while 
balancing it by making the reflector exactly semireflecting. In the 
open type”? the unbalanced replica returns to the light source and the 
balanced one can be used directly. Another difference between the 
cyclic and the open type is that in the former Tp of equation 14 1s 
uniquely determined by the nature of the partial reflector, and can 
only be altered by using a different one. It is this feature that makes 
the cyclic type easy to use with white light and with varying 
object thickness, because 7p does not need continual readjustment ; 
but a method of changing 7p continuously is desirable in some 
applications, and does not at present exist for the direct cyclic type. 
With a reversed cyclic type**, which has been studied to some extent, 
interference fringes can be formed across the image as with the open 
type. Here all values of 7p are available simultaneously in different 
parts of the field. In the direct cyclic type the fringes are located in the 
objective, and must be broadened till the central one fills it completely 
to obtain full efficiency. Fringe width is easily controllable in this 
method by tilting the pair of objectives relatively to the mirrors, but 
the centring must first be adjusted till the fringes are straight, otherwise 
they cannot be broadened sufficiently. A theoretical prediction of 7p 
in the cyclic method can be made from the optical constants of the 
film materials. Using formulae of Crook®® for any film, simple or 
composite, it is readily shown that— exp (17>) is equal to the squared 
product of the amplitude transmission coefficients. If these are real 
(perfect dielectrics), the cosine case, equation 16, should be obtained. 
An experimental aluminium semi-reflector (imperfect conductor) gives, 
as it should, something approaching the sine case. ZEEMAN®® obtained 
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a wide range of 7p in experiments with metals which were aged and 
chemically treated in various ways. 

It may be found that the most satisfactory amplifocal microscope 
for refractometry is one where all light travels in only one direction, 
as in the Jamin interferometer**®, This would give a single image, 
continuously variable 7p, and freedom from stray light. 

It is well known that any two dimensional amplifocal method, where 
straight comparison fringes can be produced in the image plane with 
the object removed, can be made into a one dimensional self-plotting 
method by arranging that the comparison fringes are parallel to the 
gradient of retardation in the object. They will then be distorted by 
the object so as to plot its retardation in the perpendicular direction, 
as in the astigmatic form of Rayleigh refractometer mentioned above. 
This is useful in microscopy for measuring the retardation of moderate 
sized uniform objects. If the comparison fringes are transverse their 
spacing measures the gradient of retardation. If the latter is due to a 
wedge-shaped object of constant refractive index the latter quantity 
can be measured e.g. KINDER! who seems in this to have anticipated 
the Merton method when measuring the refractive index of erythrocytes. 


APERFOCAL METHODS 


The great practical convenience of aperfocal methods is demonstrated 
by their widespread use. They are mostly varieties of the Foucault- 


Toepler schlieren methods. Their long history is discussed by LAmm§ 
who was the first to adapt the schlieren method to the ultracentrifuge 
in the form of his slit method?’. Later TiseLrus ef ali?® used it 
somewhat differently, and other workers introduced the astigmatic 
forms already mentioned ?*3%, 35-37, The astigmatic form of Rayleigh 
refractometer mentioned above?® is peculiar in being not a schlieren 
method but an aperfocal interference method. It is also peculiar in that 
the aperture splitting is parallel to the gradient of retardation, so that 
the effective aperture and resolving power in the direction of the latter 
are maximal. Also it plots the retardation itself, not the gradient. This 
property is shared by the astigmatic prismatic method mentioned 
above!’ which is neither aperfocal nor amplifocal and may be regarded 
as the sole representative of a third type of focal method, the 
prisma-focal, defined as a system where the local refractive index along 
one dimension is measured by means of a proportionate transverse 
gradient of retardation, imparted by the prismatic shape of the object. 

In one dimension the term schlieren method usually includes any 
aperfocal method where the aperture is split by stops transversely to 
the variation of retardation, but ZERNIKE‘ restricts the term in micro- 
scopy to the special case where the zero order Abbé spectrum and all 
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those on one side of it are transmitted. According to Zernike most 
two dimensional aperfocal methods seem to give variously distorted 
measures of retardation. On the other hand the one dimensional forms 
are usually supposed to give a fairly accurate measure not of retardation 
but of its gradient. This discrepancy has nothing to do with dimensions, 
but depends on conditions such as steepness and extent of gradients, 
focal length, and shape of stop. The importance of the gradient of 
retardation in dark ground and phase-contrast microscopy under some 
conditions has been pointed out by HAttimonp**. In comparing the 
two methods experimentally he gives some evidence for the view that 
changing the phase of the background (phase contrast) instead of 
suppressing it (stop contrast as Hallimond calls it t.e. ordinary dark 
ground with a narrow stop) does not affect the essential image pattern, 
but merely changes the presentation of it from the cosine to a partial 
sine type (equations 16, 18). A different opinion, that phase contrast 
somehow improves the visibility of the middle of a uniform object as 
compared with a dark ground system with the same shape of aperture, 
is sometimes encountered among users. The confusion seems to result 
from the fact that Zernike made the background beam annular, with 
intermediate radius, at the same time as he introduced phase contrast. 
Further, Zernike’s calculations refer not to the annular case, which 
requires the integral given in Appendix III, but to a small central disc. 
The conditions under which the middle of a uniform object can be 
made visible when the illumination aperture is large enough to be 
efficient, are of practical importance, but will probably require much 
tedious computation before they are fully understood. The diffuse 
diffraction pattern with a sharp central peak, needed to combine high 
resolving power with visibility in the middle of the image (see above) 
is given by a small central disc and probably also by a narrow ring, 
but the illumination aperture is minute for the former and small for 
the latter, and can probably only be increased by the use of multiple 
narrow rings if the desired diffraction pattern is to be preserved. If 
there is no need to see the middle of a uniform object but only small 
sharp discontinuities, as with the customary dark ground stops, the 
problem is easier, and a large central disc is probably as good as 
anything. Alternatively, if photographic exposure time and focal 
depth are unimportant, the single narrow ring or small central disc are 
satisfactory. A quantitative theory of the effect of source and aperture 
shape on the visibility of extended objects by aperfocal methods does 
not at present seem to exist. ZERNIKE*4 has dealt with the idealized 
case of an axial point source and a small axial stop or phase disc, but 
the practical case of an annular stop or phase ring, which requires a 
paraxial source, does not seem to have been published, possibly be- 
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cause of its intractable nature. A useful integral for this purpose, which 
can be applied by suitable choice of limits to the case of a uniform or 
prismatic central disc shaped or annular object, with a paraxial point 
source and a disc shaped or annular stop, all apertures being finite, is 
given in Appendix III, in the form of a triply infinite series of Bessel 
coefficients. The intensity integration of this, as in equation 2, to give 
the effect of a disc shaped or annular incoherent source, presents no 
further difficulty in principle but is laborious. The result will probably 
be a quadruply infinite series of Bessel coefficients. ‘The extension to 
objects of continuous but otherwise arbitrary pattern, which Zernike 
has given for the case of an axial point source and infinite aperture, 
hardly seems possible with a paraxial source and finite aperture, 
but a paraxial infinite-aperture treatment would be quite informa- 
tive. 

In the one dimensional schlieren method the disc shaped or annular 
stop is replaced by a single or double straight edge, but the focusing is 
still two dimensional. There are two astigmatic (self-plotting) forms. 
In one, the diagonal schlieren method, using a diagonal stop and a 
cylindrical lens, the focusing is truly astigmatic, with the object focused 
in the direction of the gradient of retardation and the stop in the per- 
pendicular direction. In the other, the schlieren scanning method?*$}, 
the ordinary stigmatic optical system is used and the astigmatism 1s 
introduced by mechanical scanning. The earliest form of diagonal 
schlieren method, due to THoverT*®’, was unsuitable for the ultra- 
centrifuge because it demanded a wide cell (LAmmM®), but the difficulty 
was overcome by Puitpor**. As with all schlieren methods there is a 
wide choice of stops. If half the viewing aperture is obscured by a stop 
with a single diagonal edge, and if diffraction is blurred out by a 
suitably wide source, the desired graph is plotted as a sharp line of 
constant greyness between black and white regions. If the whole aper- 
ture is obscured except for a narrow slit, the graph is plotted as a less 
well defined line of maximum brightness on a dark background. This 
form is preferred by SvENsson**—3? because it is less subject to systematic 
error when the object absorbs or scatters light. Its inverse, with only a 
narrow line obscuring the aperture, is also used occasionally, and 
probably gives the best resolving power. 

The exact theory of the one dimensional stigmatic schlieren method 
with axial point source is given by RAYLEIGH", ZERNIKE**‘, and 
Linroot!. The two last deal with an arbitrary continuous object and 
infinite aperture. The integration over the light source does not seem 
to have been carried out. An approximate theory of the slit form of 
diagonal method is given by SvENsson**~3*, Phase contrast does not 
seem to have been used yet in any astigmatic methods. 
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CONCLUSION 
It is not necessary for microscopists to grasp all the mathematical com- 
plexities of refractometry, but a skim through this review may warn 
them not to be too dogmatic in relating the image seen to the object 
studied, since any method may represent an object in a variety of ways 
according to circumstances. Apart from some specialized afocal 
methods the main interest lies in focal ones, since with them an almost 
undistorted object pattern can sometimes be seen. The chief forms of 
distortion are invisibility of the middle of a uniform object and 
spreading of the diffraction pattern from the non-uniform parts. These 
are inversely related in aperfocal methods such as dark ground and 
phase-contrast microscopy, so that one trouble cannot be abolished 
without introducing the other, though with subtle design a good image 
can usually be obtained in practice. A related trouble occurs in those 
amplifocal methods where the object gives more than one image, but it 
can sometimes be made harmless. In all types of focal methods there is 
a choice between a dark and a light background. A dark background, 
as in dark ground microscopy, gives high contrast with a purely quad- 
ratic dependence of intensity on small retardations. A light background, 
as in phase-contrast microscopy, gives low contrast except for one 


chosen retardation, and a mixed linear-quadratic dependence. A 
purely linear dependence is not used in the phase-contrast method and 


is only obtained efficiently by amplifocal methods. For visual ob- 
servation of small retardations the dark background is probably best 
because of the high contrast, while for photography of particles in 
Brownian movement a light background of suitable phase gives more 
energy and therefore a shorter exposure time ;_ the lost contrast can 
be mainly recovered in the development and printing, but the benefit 
of high energy is only fully reaped if the efficiency is maximal, which is 
not so with the current design of phase ring. 

The effect of distortion in aperfocal methods is easily made so ex- 
treme that they measure not retardation but its gradient. This is used 
deliberately in many one dimensional applications, where a knowledge 
of the gradient is useful. 

Appendix I. Coherence 
The terms coherent and incoherent are often applied to beams of light 
in a context where, if beams 1 and 2 give amplitudes 
Xy = Xyy, xp (8x)p) and x, = Xgy, EXP (1% op) “en nt) 
respectively at any point, then the combined average intensity at that 
point 1s 
Hoa, + x*ey, sx QR 
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for incoherent light and 
2 2 i ons oo, 
Mang Man + 2 apgX any COS (X1p — Xap err.) 


for coherent light. This conception may be generalized to intermediate 
cases where the combined intensity is 

Hr tH Xan H 2p aX ypXou COS (Xyp — Xap -+ ++ (24) 
and ¢,, is a number between o and 1 which may be defined as the 
coherence. If 1 and 2 refer to different primary sources, or to different 
parts of one primary source, then c,, = 0, but if they refer to secondary 
sources, then c,, depends on the distance between points 1 and 2 and 
on the angle subtended by the primary source. If the secondary sources 
are in the condensor image of a primary source, then c,, depends on 
the aperture of the condensor, because this determines the overlap of 
diffraction patterns of adjacent images. 

The controversy between advocates of Koehler and of critical illu- 
mination turns on the question of coherence and shows the need for 
a satisfactory general treatment. One possible approach is to split the 
coherence number c¢,, into the product ¢, * ¢, where c, and c, are 
non-numerical symbols belonging to the points 1 and 2. The algebra 
of these symbols is a fascinating study but is difficult to develop without 
contradictions. Until some such method is available, the conventional 
one must be used vzz to work through the complete optical system with 
light from one point in the source, establishing the intensity at an image 
point as a function of the position of the source point, and then inte- 


grating the intensity for all source points. Usually a single source point 
involves so much labour that the final integration over the source is 
omitted. This is the cause of many of the discrepancies between theory 


and practice in optics. 

In connection with coherence Professor Zernike has drawn my 
attention to two of his papers*” 41. The former paper has led him to 
discover the following elegant theorem which he has invited me to 
mention : 

For a point source imaged at the centre of a phase strip of any form, the 
intensity distribution in the halo round a small patch in the object represents the 
amplitude of the corresponding diffraction image, whereas a light source whose 
image covers the whole of the phase-strip gives rise to a halo corresponding to 
the intensity of the diffraction image. 


Appendix II. Definition of Complex Amplitud 


The scalar complex amplitude F is a complex number expressible in 
the form 
F = Fy + Fo = Fu exp (1Fp) == Fu COS Fp T OV sin Ip 
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where F; and Fz are real numbers expressing the amplitudes of the 
oscillations Fs sin kt and Fo cos kt respectively, k = 27/A, A is the 
wavelength, and ¢ the time. The subscripts S$, C, M, P will be used 
similarly for all other complex numbers that occur. A unit expanding 
spherical wave is defined as one for which F = exp (ir)/r at distance r 
from its origin. All distances are expressed with A/27 as unit, so that k 
can be omitted from all formulae. 
The combined oscillation (Fy sin kt/x + Fe cos kt) is expressible in 

the form Fy, sin (kt + Fp) where 

Fy = 
is its total real amplitude and 

Fp = tan! (F¢/Fs) 
is its phase angle. The intensity of the combined oscillation, as 
detected by the eye or by a photographic plate, is 


Py = Fy + Feo = FF 6 (26) 


M 
where F = F; — ify = Fr exp (— iFp) is the complex conjugate of F. 
The term amplitude will be used to mean scalar complex amplitude 
unless qualified by adjectives such as real. 

A single light wave can only be properly represented by a transverse 
vector complex amplitude consisting of two mutually perpendicular 
complex components lying in the wave front. This introduces an 
awkward asymmetry, since a radially symmetrical transverse vector 
wave is impossible. The difficulty is usually glossed over, but it is 
dealt with by LuNeBERG*? who shows that when polarization is neg- 
ligible, the observable effects of a light wave can be represented by a 
scalar complex amplitude which he defines by averaging the intensity 
over all directions of polarization. Further difficulties arise when the 
amplitude F,, on the surface n has to be calculated from F,_, on the 
surface n — 1 using Huygens’ principle or some modern counter- 
part!®, 42-44. but these difficulties will not be discussed further here. 


Appendix III. Image of a uniform disc with paraxial point source but circular 
symmetry 


The light going through a uniform disc shaped object forms the same 
pattern as that through a stop of the same diameter with no object, 
but with phase differing by Op. It can therefore be calculated from 
equation 1 and added, after phase change by Op, to the background 
light determined from the same equation with different integration 
limits. In the example chosen here, equation 1, expanded to the full, is 


Fos = AyFy3H Fy 2F oy ..++(27) 
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where, with perfectly corrected lenses 
F544 = exp (— p;5+ 1 COS $54 
j-/+ ie Pj+4 aaa d; 
Pjjta = G+ Bit 


and z,.;,, is the distance between the planes in the equivalent thin- 
lens system. With circular stops 
Then 


sf 27 
an ital Lo dbidr; ..++(31) 
U 0 
Fe = AP, Fo: 


9 
r, |exp { —1r,(r,cos¢,./z 
1} EXP} 1\72 COS Py 9/<12 


g COS fo1 £01 Pog COS 


Put 


where 


ee 0S don)! 2 
P12 “Po1P 12 § P20 »+++(34 

/ { 2 = 
Po pos $03 eli 35 
bo, = tan~"T (ralze0. + 19/2) SIN bo) /(To/Z19 COS Pg + 19/Zy COS bo ] 


36 


Combining equations 32 and 33 gives 


‘ I / 
Po2COS( Py Wo: 


) 


=F Po2)/Po2 
where 7; is the Bessel coefficient!? of order. This is the usual diffrac- 
tion formula for a point image, but with transformed coordinates. 
Inserting it in equation 27 gives 


) 


EXP (— pg3 COS $23) F1(Po2) Pordbodre 


Equation 34, using the Neumann-Graf addition theorem!*, and ex- 
panding the denominator by the binomial theorem gives 

man 4.0 
SF 1t+m\(Po1)Fm(P12) EXP (Midboo 


m= 


J 1\Po2)/Po2 4 a 
4 Po1— Piz XP ( 


fa.) ; “gg 01.€XD ld. n 
Fitm Pol a Pie exp MP 99 ain Z 


i Pol 
Po. 


coe e(S@) 
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The above procedure is only valid provided that py, < po, ?.e. that 
the point chosen in plane 2 lies nearer the centre than the image of 
the point chosen in plane o. If pj. > po; their roles in equation 39 
are interchanged so that the integration limits must be split into two 
parts corresponding to the regions inside and outside the field stop or 
the object, whichever is being considered. 

Substituting equations 39 and 35 in equation 38 and rearranging, 
gives, with py2 < por, 


2m=+0 


1 \ ‘= : i” 
Fos = Zs F4+m(Po1) 2 exp {i(n — m)do3} X 
C 


Toim= -@ 


"2 (Py2\" : ed : 
x fr Tm(Pr2) | XP {i $23 — P23 COS bos) }dbodr, 
0 


Pol 


n= 

f EP see “/ (£22) 

FT it+m(Po1) & exp {i(n ~ Mm) os} fr( 

i n=Q) Pol 

n \ { 
Tm P12) Im—n(P23) 42 so «sh 
By repeated integration by parts in either of two directions, after 
multiplying one part and dividing the other by suitable powers of ro, 
the integral in equation 40 can be expressed in two alternative forms. 
They are both convergent, but when one converges rapidly the other 


converges slowly. The change over occurs when py, = py 2.e- when 


the point chosen in plane 3 is the same distance from the centre as the 
image of the point chosen in plane 1. The series in question are 


P12 \Po1 


for pos > Pie 
A similar procedure is possible when py. > pp,, with slight modifica- 
tions. Equations 39, 41 and 42 can be combined in the appropriate 
way according to the integration limits, to give /y, for any chosen case. 
Separate limits are chosen for the object disc and the image stop and 
the results are combined after introducing the object retardation Op, 
assumed constant. A prismatic object disc is equivalent to a change in 
ro¢, and causes no difficulty till the final intensity-integration J is 
attempted, when it introduces asymmetry. 
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Appendix IV. Efficiency and Linearity of Aperfocal Methods 


Pending the development of the complete theory discussed above a 
qualitative general theory of efficiency and linearity, as defined by 
equations 10-18 for amplifocal methods, can be given for aperfocal 
methods such as the phase-contrast method, with the dark ground 
method regarded as the limiting case where the phase film transmission 
is zero. The term phase film is preferred to phase ring for this purpose, 
since it implies no particular shape. Phase plate is unsuitable because 
it includes the supporting structure. 

Returning to equation 1 the parts Ss, and Sp. of the aperture S, 
are now phase films with complex amplitude transmission coefficients 
Kp and <p respectively, each being constant over its own part of the 
aperture. The practical case is assumed where the stop S, defining the 
source has Sg conjugate with Sp, so that in the absence of an object, 
and neglecting diffraction, the whole of Sp, and none of Sz, is illu- 
minated. The effect of these assumptions is to split O, of equation 5 
into two parts, Og, and Op3, where 

Oss = <eHpF 23H, F,0F 9 
Ops = KdApeF 23H F 20F 0, 


with Hg,, Hp, representing Huygens’ integrations over the partial 
apertures Sgo, Sp». The total image amplitude is therefore 


O; = Ogs + Ops = (Kage + KdHp2) Foss 20F 0, vee © (44) 


. (43) 


and the image intensity is 

IpO, = Ip(KeHp, + <pHp2)F 3H F -++ + (45) 
where J/g is the intensity operator of equation 2 acting only over the 
region Spo. 

If the system has circular symmetry except for the variable position 
(ro, 69) Of a point on the source, the quantities Og3, Ops of equations 
43 and 44 are special cases of the integral given in Appendix I/I. An 
exact result can therefore be obtained in this special case, given time 
and courage, since the further integration J, and the computation are 
not more difficult than the rest but only laborious. The qualitative 
result can, however, be seen without this labour, even in asymmetric 
cases. The fact that Sz) and Sp, are conjugate implies that 


Feo3 = <pHpoF 3H FF 01 ~ 9 . +++ (46) 
Fpo3 = XpHoeF o3H FP iePo1 ~ Xl 03 - ++ (47) 


‘This property of the integrals is shown subtly in equation 44 by a 
change over between two alternative expansions when r, changes from 
the region Sg, to Sp,. Subtracting the sum of equations 46 and 47 
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from equation 44 and rearranging gives 

Os = KpFos + (Kees + <pHpe2)FesfiF 2/0 —1)Fo, ---- (48) 
If now O is constant over the whole non-vanishing part of the modified 
point diffraction pattern ( (<plpe + Kv p2)Fo3F 1. for some image point 
(73, ¢3), the object is invisibie at that point as in equation 7, but the 
modified diffraction pattern is more extensive than the unmodified 
one F,, so that a uniform object is visible further from its edges. 

To find the linearity and efficiency corresponding to equations 10-18 
of the amplifocal case we must consider a point object, since there is 
no simple expression for a non-uniform extended object in the aper- 
focal case. For a point object, (O—1) in equation 48 is zero except at 
the point (7,,¢,) where the object is located. Hence equation 48 
becomes 

O; = KdF os + (KeHp2 + <pHpe)Fe3F 12(O-1) Foi dbidr, -- - -(49) 
The surface element dA, = r,d¢,dr, measures the infinitesimal extent 
of the point object and determines how much object-modulated light 
is available. Since (O — 1)dA, commutes with H,, equation 49 
becomes 

O; = Xb + (O-1)dA,.(KpHp2 + <pHpe2)FosFieko. — --- -(50 
It will now i at as a qualitative approximation that the peak 
amplitude in the diffraction pattern at its mid-point (7, 43), is 

(O —1)(KgA + Kp(1 — A)) KF 3 a any 
where & is a constant depending mainly on dA,, and A, (1 — A) are 
the areas of Sz., Sp. expressed as fractions of the total. Substitution 
in equation 50 gives 

O, = [O(KpA + Kp(1 — A)) — (KBA — KA) Fr eet) 
Comparing equation 52 with equation g for the amplifocal case gives 

To = Zp + Zo(1 — A) fe 
Tp = — A(K2 — Xp) — 
but R; in equation 9 must be multiplied by the fraction A when 
calculating the efficiency because only that fraction of the source is 
used. In the usual phase-contrast case £g = 1, <p =i<py, and 
A~1 because the phase ring is narrow. Then 
tg 1 
Tp =-1 + tom ».++(54) 
so that Tp = 7 — tan-1py 

Equation 54 gives the cosine case, as equation 16 when Zpy = 0 
(dark ground illumination), but making py = 1 (non-absorbing phase 
ring) makes 


Tp = 37/4 enh) 
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which is only halfway towards the pure sine case of equation 18. The 
latter can only be achieved in aperfocal methods by making 
ABM < pM 1.€. by the inefficient procedure of absorbing some of the 
object beam instead of the background. 
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USE OF SOFT X-RAYS IN THE ASSAY 
OF BIOLOGICAL MATERIAL 


A, Engstrém 


In THE stuDy of the quantitative chemical composition of an indi- 
vidual cell or a group of cells in a biological tissue, great difficulties 
present themselves from the very beginning. These are conditioned 
mainly by the small size of the object to be analysed. The amounts to 
be analysed are within the ultramicro scale ze. less than 1/1,000 pg 
(10-% gm) so that the sensitivity of the ordinary microchemical methods 
of analysis is insufficient. It is therefore necessary to try to find other 
methods of investigation, chiefly physical, which can render possible 
such a quantitative cytochemical analysis. 

In cytochemical analysis it is necessary to be able to analyse cyto- 
logically localized objects as small as 1 » in diameter but for histo- 
chemical analysis larger areas may be used. One y? of an ordinary 
biological tissue has the approximate weight 10~* wg. Of that weight 
about three quarters is water and the lower limit for a method for 
determining elements and substances therefore lies at 10-® to 10~° yg. 
When determining nitrogen e.g. in 25 »® of tissue containing about 
3 per cent nitrogen the amount to be determined is of the order of 
magnitude of 10~® xg. 

To carry out chemical analyses on a cytochemical and histochemical 
scale it is, in principle, possible to employ two different procedures. 
One is to analyse such a small part of the tissue e.g. an intact micro- 
scopic section, that the result of the analysis can be directly correlated 
with the cytological picture. The other procedure is to make a pre- 
paration of a certain cell or group of cells by microdissection, which 
can subsequently be subjected to chemical analysis. With the use of 
the modern aids and appliances e.g. the micromanipulator, ultra- 
violet and phase-contrast microscopes, no great difficulties present 
themselves in the way of making a microdissection so that a small 
piece of tissue is obtained. In the latter procedure a preparation of 
the piece of tissue can be dissolved in a microdrop of a solvent, dried 
or ashed, or otherwise treated, in order to render possible a subsequent 
chemical analysis. 

In order to be able to calculate the chemical composition per unit 
weight of the cell structure being analysed it is also necessary to have a 
method which permits the determination of the mass of small structures. 
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A method for mass determination is also very important because the 
specific gravity of different structures is little known. The amounts of 
tissue to be weighed are of the same magnitude as indicated above. 
The absorption and emission of x-rays follow simple and clear laws. 
Therefore a method employing x-rays for cytochemical analysis would 
have many promising inherent possibilities. The great problem, how- 
| 


ever, is to analyse areas of the sample so small as to permit the solving 
of cytochemical problems. Special procedures have to be used as the 
X-rays are not affected by any type of magnifying system similar to 
those used for focusing radiation of longer wavelengths and charged 
particles in motion. 

In recent years the use of soft x-rays has proved to be a valuable tool 
for quantitative cytochemical analysis. By absorption measurements 
with soft x-rays both the mass and amount of certain elements can be 
determined in very small structures. This review will be concerned 
mainly with the techniques for such chemical analyses. There will be 
short sections on the absorption laws and the prin ipies ior ] ducing 
images by x-rays, then the technical procedures for determination 
mass and elementary composition will be described and certain ap 
cations mentioned. Finally a short review of the methods of 
' 


Image microscopy will be included. 


ABSORPTION AND SCATTERING OF X-RAYS 


When a monochromatic x-ray beam of intensity J passes 


} ; }, ~} » ntenecitr > - = 7, 
by ich 1t 1S ibsorbed the intensit 1 OF tne t ansmitted 


substance 


he exponential equation : 


radiation is calculated fror 


In the equation, d 1s the thickness of the absorbing screen in cm, p is 
the specific gravity of the absorbing substance and . the linear absorp- 
tion coefficient. The product d.p is thus the mass (q¢) of the sample in 
gm/sq cm. The quotient »/p is the mass absorption coefficient and its 
magnitude for one and the same substance is independent of the 
physical state of the latter and is therefore only a function of the mass 
of substance per unit surface. The relationship between atomic and 
linear absorption coefficients is 
i, = uA oN 

where ,, is the atomic absorption coefficient, A the atomic weight and 
N Avogadro’s number. 

If several elements are present at the same time in an absorbing 
composite screen the following formula applies 


‘ 


i = Texp {-2(u/p),.%} eet 
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Equations 1 and 2 are valid only if the incident bundle of x-rays is 


not too wide or divergent. 
The accuracy with which the quotient between the incident and 


transmitted radiation has to be determined when estimating a sub- 
stance by x-ray absorption measurements can be calculated. If an error 
of « per cent is allowed in the determination of a substance X with the 
mass absorption coefficient p/p the following equations are valid 
i = Texp (— p/p.x) ) 
. = Ie exp {- (p/p.x + €/100. pu lp .x) \f 


Combining the equations we get 
1.Ipjig.I = exp (+ p/p. €/100.x) 


From equation 4 it can be calculated that the determination of a 
substance with the mass absorption coefficient of 5,000 and occurring 
in an amount of 10~4 gm/sq cm requires that the quotient between the 
transmitted radiation must be determined with an 


incident and 
per cent if the error in X shall not exceed 


accuracy of at least 2 
5 per cent. 

The total mass absorption coefficient is composed of two terms, the 
mass transformation coefficient (also called true, fluorescent or photo- 
electric absorption coefficient) and the mass scattering coefficient 

|p - T/p i o/p or! 
The value of the mass transformation coefficient t/p increases rapidly 
with the wavelength of the radiation and atomic number of the ab- 
The value of the mass scattering coefficient o/p is 


sorbing screen. 
The mass scattering coefficient includes both 


numerically small. 
modified and unmodified scattering. According to the classical theory 
the scattering is independent of wavelength and proportional to the 
number of electrons per gram of the scattering substance. This did 
not prove to conform with experimental data. 

By a modification of the classical theory for scattering Kiem and 
NisHINA! deduced an expression which for short wavelengths did 
conform to the values found experimentally (Compron and ALLISON?). 
Limitations of techniques have restricted testing the formula to scatter- 
ing at short wavelengths. VicroREEN*: * assumed that the Klein- 
Nishina formula also applied to longer wavelengths and empirical 
data seem to confirm his calculations. 

For long wavelengths (soft x-rays) and elements such as occur in 
biological tissue the scattering can be neglected in comparison with the 
numerically greater photoelectric absorption (see also the section on 
quantitative elementary analysis). 

Several formulae have been set up for the calculation of the mass 
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absorption coefficients. They generally have the form 

hL/p CNR" +b seat 
For details see, for instance, Compton and ALLIson?. In formula 6, 
A is the wavelength of the radiation, < the atomic number of the 
absorber and 4 is an expression of the scattering. A universal absorp- 
tion formula which covers all elements in a wide wavelength region was 
set up by JONsson® in 1928. This general formula with tables and 
diagrams is included in monographs by StrcBAHN® and Compton and 
ALLISON?. Jonsson deduced a ‘ true electronic absorption coefficient ’ 
z, which is a function of ZA, and is independent of the nature of the 
absorbing screen. The relationship between the electronic and atomic 
photoelectric coefficients is 


if Pil TA pNK 


From published tables the numerical values of the mass absorption 
coefficients can be calculated for all values of ZA between 8 and 790. 


Jonsson’s formula can be written in the form 

7) 
where 7, denotes the atomic absorption coefficient. The exponent p is 
a function of both Z and A. When the product ZA varies between 8 


and 790 p varies continuously from 3 to 2-3. 


ABSORPTION OF X-RAYS OF DIFFERENT WAVELENGTHS 
IN BIOLOGICAL MATERIAL 

In order to perform a cytochemical analysis it is necessary to use a 
layer of biological material that has the thickness of a single cell or less. 
For the following calculations the cell layer is considered to have a 
thickness of 5 to 10h. When using x-rays the first question which 
arises is: in which regions of the electromagnetic spectrum is the 
absorption such that there is a good possibility of estimating experi- 
mentally the absorption in a screen with a mass per unit area corre- 
sponding to that of a single cell layer ? 

Using the formulae and tables which are referred to above, it is 
possible to calculate the transmission of a screen composed of a single cell 
layer for x-rays of a wide wavelength range. To simplify the problem 
the screen is assumed to contain only carbon, oxygen and nitrogen in 
amounts per unit area that correspond approximately to a single layer 
of cells. A thin collodion foil to which a small amount of an organic stain 
has been added serves as a model substance. The schematic representa- 
tion of such a calculation is shown in Figure 1. The transmission in 
per cent is estimated for radiation of wavelengths from 0,1 to 10,000 A 
(1 A = 10-§cm). From the figure it can be seen that the transmission 
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oi: a for x-rays of short wavelengths 
is almost 100 per cent. In the 
region o-1 to about 2 A there 
is no contrast in the specimen. 
The region 2 to 50 A offers 
good possibilities for perform- 
ing absorption measurements. 
The wavelength region 50 to 
150 A is certainly possible to 











Tronsmission Per Cent 























Figure 1. Transmission of electromagnetic radiation of USE from the point of view of 
ifr waulath nfo of lowed called transmission but the genera- 
tion and measurement of the 
radiation is difficult in this region. _When the radiation has the 
wavelength 150 to about 2,000 A practically all radiation is absorbed 
in the specimen. Extremely high contrast of thin samples is obtained 
in this region. Above 2,000 A there are of course the ultraviolet, 
visible and infra-red regions where the transmission is such that there 


are good possibilities to perform absorption measurements, but here 


scattering and reflection of the radiation in the sample itself is a com- 
plicating factor. 

From the diagram it is obvious that for x-rays the region 2 to 50 A 
is the most suitable. Radiation of these wavelengths correspond _ to 
the voltage region 6,000 to 250 volts. In this soft and extremely soft 
x-ray region the absorption of the radiation in air is strong and must 
be minimized by investigating the specimens in vacuum. A rough 
vacuum of about 0.01 mm Hg can be used for radiation up to 10 A 
but for the longer wavelengths a high vacuum is necessary. 

When performing a quantitative analysis of elements by means of 
x-ray absorption spectroscopy the characteristic absorption edges for 
the elements are used (see page 184). The biological material mainly 
consists of elements with low atomic numbers. The A-absorption edges 
for these elements ( 7able J] p 184) fall in the region 2 to 50 A which 
apparently is very favourable. In Figure 1 the absorption edges for 
carbon, oxygen and nitrogen are indicated. For some elements of 
biological interest but of high atomic numbers the L and M edges fall 
within the favourable wavelength region indicated above. 

Summarizing the discussion in this section it may be said that in the 
x-ray region from 2 to ~ 50 A there are good possibilities for performing 
absorption measurements involving the transmission of a specimen 
consisting of a single cell layer. The characteristic absorption edges for 
the elements of biological interest lie within this region. Thus there are 
possibilities for quantitative cytochemical determination of elements 
by x-ray absorption spectrography. 
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In order to be able to perform a cytochemical analysis it is, however, 
necessary to measure the absorption of x-rays within a very small area 
of the sample. The possibilities and techniques for such measurements 
will be discussed in the next section. 


X-RAY IMAGE FORMATION 


There are two methods which can be used for determination of the 
absorption of x-rays within very small areas. One is to collimate 
X-rays to a very fine bundle and measure the absorption of this fine 
beam in the sample. This method has the disadvantage that it is 
difficult to localize accurately the structure being measured. The 
beam must have a diameter between 1 and 10 u to be useful for bio- 
logical investigation. The other method is to arrange an enlarged 
image of the sample and perform intensity measurements in this en- 
larged image so that the absorption can be calculated for very small 
areas. 

As x-rays cannot be refracted in any kind of optical system analogous 
to that in the light or electron microscopes, enlarged images with 
X-rays cannot be obtained with optical, magnetic or electrical lens 
systems. Recently, using grazing incidence of x-rays on curved 
mirrors KiRKPATRICK and Baez” ® succeeded in constructing a real 
X-ray microscope with a resolving power of a few microns. By the use 
of cylindrical or spherical crystal gratings it is possible to design a low 


power magnification system for x-rays. The simplest way, however, 


is to make a sharp shadow image which allows a considerable optical 
magnification. ‘The procedure is called microradiography and the 
small x-ray picture is called a microradiogram. 

The technique for microradiography is not new. A few years after 
RONTGEN’s discovery of the x-rays, HAycock and NeEvILLe® used a 
radiographic procedure in an experiment which was the direct fore- 
runner of the present day microradiographic technique. They used 
the radiographic technique to distinguish between gold and sodium 
in an alloy. The investigation was performed at unit magnification. 
Unfortunately the photographic emulsions available at that time were 
not suitable for much enlargement. 

Gosy!?? published in 1913 the results of his investigations employing 
soft x-rays to obtain images of algae etc on relatively fine grained film 
emulsions. 

It was however with the introduction of very fine grained photo- 
graphic emulsions, capable of high magnification that advance of the 
microradiographic technique was resumed in France. 

In 1930 DavuvitureR!! published beautiful pictures of microtome 
sections from tissues, taken with soft x-rays on fine grained emulsions. 
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The technique was mostly used for the study of alloys but the numerous 
papers published by Lamargue!?-16 and TurcHInt”; 38 since 1936 deal 
with microradiography of biological material. The microradiographic 
technique was, however, mainly used for solving problems in metal- 
lurgy (CLrark!*"!, MappiGAN?? and Sproui?3). SrevertT?* and 
CLARK pointed out independently the possibility of adjusting the 
wavelength of the x-rays used with reference to the absorption edges 
of the elements in the sample so that the contrasts between the different 
elements in the sample should increase and the images allow a chemical 
interpretation. No quantitative measurements were performed on the 
microradiographic images. Microradiograms of tissues into which con- 
trast medium had been injected were published by BoHATYRTSCHUK?®. 

Beautiful pictures of leaves from plants were published by BARCLAY 
and LEATHERDALE?®, Barcray??: *8 has also published papers on the 
localization of contrast medium and iron in tissues. For a complete 
review of earlier papers on microradiography the reader is referred to 
ENGSTROM?® and CROWTHER®®, 

Techniques for microradiography— In Figure 2 the different techniques 
for microradiography are shown. The simplest and most common 
experimental arrangement is shown in Figure 2a. The soft X-rays, 
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Figure 2. Different techniques for obtaining X-ray images of a specimen : 
] } es } 
S sample, F photographic film, L lead plate, C curved crystal 


emitted by a tube driven at low voltage, pass through the sample $ 
which lies in good contact with the fine grained photographic film F. 
A metal diaphragm L limits the area of the sample investigated. After 
exposure and development, a natural size image of the sample is 
obtained on the fine grained film. The microradiogram is then 
magnified with an optical system e.g. a microscope. The resolving 
power of the procedure depends primarily on the granularity of the 
film and secondarily on the inherent geometrical arrangements of the 
X-ray source, sample and photographic film. The errors in image 
formation arising from the geometrical arrangements and the resolving 
power for different film emulsions will be discussed later. By using an 
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extremely small x-ray source it is possible to obtain an enlarged shadow 
image of a specimen. The principle is shown in Figure 2b. From the 
point source a divergent bundle of x-rays is emitted. The sample $ 
and the photographic film F are placed at a certain distance from each 
other. StevertT®4 obtained a small x-ray source by placing a fine pin- 
hole in front of the x-ray tube. In order to avoid an image of the focal 
spot of the x-ray tube, the tube was moved during the exposure. Using 
an electronic lens system to focus the electrons on the anode of the x-ray 
tube von ARDENNE®! succeeded in getting a very fine focus. The voltage 
proposed for his x-ray shadow microscope was relatively high. However 
great difficulties present themselves when focusing the low energy 
electrons necessary for the generation of extremely soft x-rays. ‘The 
total output of x-rays in such a system is very low as the load of the 
small area on the anode must be small. Ifa fine grained film emulsion 
such as the extremely insensitive LippMAN emulsion is used for recording 
the image the exposure times will be enormously long. The magnifi- 
cation depends on the mutual distances between sample, film and x-ray 
source. In order to obtain a primary magnification of 10 times, and if 
the structures to be resolved are 0-5 u in diameter, the size of the focus 


should be about 0°05 x. 

Figure 2c shows the principle for radiography with hard x-rays. The 
technique was developed by TRitLat*? and is based on the fact that 
x-rays of very short wavelengths, corresponding to a voltage of several 


hundred kilovolts, affect the photographic emulsion to a very small 
extent. The secondary electrons, however, do blacken the photographic 
emulsion. In Figure 2c the hard x-rays first pass through the film F and 
then hit the sample S. If the sample consists of a highly absorbing sub- 
stance the electrons emitted by the surface of the sample blacken 
the photographic emulsion. ‘Trillat has given the name electronic 
radiography by reflection to that procedure. When using a thin section 
of organic material a lead plate L is placed behind the sample in order 
to increase the yield of electrons. The latter modification, applicable 
to biological material, is electronic micrography by transmission. The 
two procedures have been discussed and criticized by SEEMAN®®, 

Finally in Figure 2d is indicated the production of a true x-ray image 
of a sample by the use of monochromatic radiation and a cylindrical 
or spherical crystal grating C. The x-rays pass through the sample $ 
and are reflected in the crystal C and produce an image on the photo- 
graphic film F. This procedure will be discussed later. 

Lack of sharpness in the microradiographic image— In Figure 3 the arrange- 
ment for microradiography is shown schematically. ‘The maximal geo- 
metrical blurring U for a point at the distance a from the film is 


U = falb = 
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In the formula / is the diameter of the focal spot and 4 is the distance 
between focus and the sample. From the formula it can be seen that 
the blurring is small when the focal spot is small. The distance 
between sample and photographic film must also be small in order to 
keep down the blurring of the image. The ideal is to use parallel 
x-rays, thus a long distance between focus 
and sample-film. The fine grained photo- 
graphic emulsions used have a very low 
sensitivity and therefore it is necessary to 
have an enormous incident x-ray intensity. 
Therefore the distance between focus and 
sample-film has to be small. The focus can- 





not be too small as then the total output of 


kaa oo bores in the x-rays will be too small. The most im- 
wroradiographic image : e . ° 
portant factor then 1s to keep the distance 


between the sample and the photographic film as small as possible 
when performing microradiography in the scale 1: 1. Extremely 


good contact must be secured between the thin sample and the surface 
of the photographic film. 

Resolving power of the photographic emulsions used for microradiography— 
The limiting factor for the resolution in microradiography lies in the 
properties of photographic emulsions. In Yadle J the resolving power 
for some photographic emulsions is shown. The resolving power is 
given in lines per mm. The best emulsion is the Lippman emulsion 
which has a resolving power of more than 1,000 lines per mm. A 
microradiogram taken on Lippman film can be optically magnified 
about 500 times without disturbance from the grains. Investigations in 
the electron microscope show that the grain size in a Lippman 
emulsion is about 100-500 A. Different emulsion numbers, however, 
show different graininess and homogenity. 


= is se ial When measuring the 
Table I. Resolving Power of some Film Emulsions used for 
Radiography and Microradtography 


density in small areas of a 
film it is necessary to meas- 
Film emulsion Resolving power ure a certain number of 
yee. 6 grains depending on the 
statistical nature of the 

Kodak X-ray film - “ a hotographic oe 
Ag fa Printon film ay = Ke rm 50 - otograpni¢ proc intel 
Ilford High Resolution ~~ 100 Therefore the _ resolving 
Eastman Kodak Spectroscofic plate 548-0 500 power of the photographic 
Eastman Kodak Spectroscopic plate649.. | >= 1,000 emulsion when used for 
sei ites <class quantitative purposes is 
less than indicated above 
and is dependent on the density in the developed emulsion. The 








10 





2 





DETERMINATION OF THE MASS OF CELL STRUCTURES 


developing conditions must be controlled. As the small x-ray images 
will be highly optically magnified by photomicrography it is necessary 
that the small films should be washed in clean water and dried in 
dust free atmosphere. 


DETERMINATION OF THE MASS OF CELL STRUCTURES 


As already mentioned in the introduction, a very important problem 
in cytochemical analysis is the determination of the mass of the struc- 
tures under investigation. A technique for doing that would make it 
possible to refer other analytical findings directly to mass. Another 
possibility would be to refer the analytical data to a volume unit but 
we do not know exactly either the variation in specific density of cell 
structures or the effect of shrinkage introduced by cytochemical tech- 
niques. Therefore, the only correct way is to express the amount of 
different substances in per cent of mass as used in ordinary biochemical 
analyses. 

First the principle for mass determination by x-ray absorption 
spectrography will be described. With the holder shown in Figure 4 a 
microradiogram is taken of the biological specimen and a reference 
system simultaneously. Long wavelength continuous x-rays are used. 

As will be discussed later, the voltage and 
filtration of the radiation must be properly 
selected. By using a broad x-ray band, under 
certain experimental conditions one obtains 
an integration over the mass of all elements 
in the sample provided that the sample 
Figure 4. Technique for mounting contains mainly organic material. If the 
tious Maes — absorption in different parts of the sample is 
section of the biological specimen, Compared with that in the reference system 
C referees han made of thn it is possible to calculate the mass of the 
collodion fous . : . . 
respective parts. The following discussion 
is a brief review of a paper on a method for the determination of the 
mass of extremely small objects by ENcsrr6mM and Linpstr6mM**. A 
short communication on the technique has already been published®?. 

Theory— The main component of ordinary biological material is 
protein. The percentages of carbon, nitrogen and oxygen in protein 
are relatively constant, and for the following calculations biological 
material is at first assumed to be built up of carbon, nitrogen and 
oxygen in these proportions. The mass absorption coefficient for this 
mixture is calculated. As there is a constant proportionality between 
the mass absorption coefficients for carbon, nitrogen and oxygen at 
different wavelengths on the short wavelength side of the absorption 
edges, it is only necessary to calculate the mass absorption coefficient 
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for the mixture at one wavelength. The mass absorption coefficient is 
then calculated for some selected wavelengths. To these basic elements 
small amounts of different elements, including carbon, nitrogen and 
oxygen are added. It is mainly the elements of biological interest, 
thus elements falling in the range atomic number 1 to atomic number 
30, which are added. The mass absorption coefficient of the mixture is 
assumed to be unchanged, and therefore an approximate value of the 


total mass is obtained. From equation 2 the following expression is 


obtained 
| ] é be be ph ( 
n(//t) = -Mcno.. + £m, =| - Mga. ae 
p/ CNO, ae hae p/ CNO, " (9) 


In the formula the symbols haye the following meaning : 
J = intensity of the incident x-rays 
1 = intensity of the transmitted x-rays 
the mass absorption coefficient for C,N and O in protein 
~ for a certain wavelength 


bu the mass absorption coefficient for the added element X at 
x “~ the same wavelength 


p 
Meno, = the mass in gm/sq cm of the elements C, N and O in protein 
m, = the mass of the added element in gm/sq cm 
m, = the approximate mass of the mixture in gm/sq cm 
If a systematic error € per cent is allowed in the mass determination 


m, has the value 


€ / 
My ( re - (Mono, ee 


L 
where (“). > (£) and (‘), < (4) 
p CNOp p p CNOp 


p 
correspond to the + and — forms respectively. 


When m, is eliminated from equations g and 10 we get 
m,, te 
/ ) 
MCNOp i (p/p), | Ye 
100; = -— 100 F 
UF] P)CNOp! 


; m 
we obtain — 


MCNOp 
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the equation is not valid because between these limits m, cannot differ 
« per cent from the correct value. When e« is fixed to 5 per cent and 
the element X is varied from atomic number 1 to 29 the values of 


——*— in equation 11 are graphically represented in Figure 5. Such 
CNOp 
graphs are calculated for several wavelengths but in Figure 5 only 


calculations for two wavelengths are shown. 
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Figure 5. The quotient —*~ as a function of the atomic number 
: F Mcno 


Pp 
calculated for wavelengths 4°36 and 11-90 A 


From Figure 5 it can be seen that there are two extreme ranges. One 
is situated at the C,N,O region. The other extreme range lies at the 
atomic number 18 and broadens at longer wavelengths. The increase 
of breadth is most prominent on the side towards lower atomic 
numbers. This depends on the influence of the A-absorption edge. In 
the parts of the curves where the derivative is positive, the systematic 
error is negative and vice versa. This fact indicates that the systematic 
errors can compensate each other, at least to some extent. It can also 
be seen from the figure that the systematic errors decrease if long 
wavelength x-rays are used. Calculations show that a continuous x-ray 
spectrum generated at 3,000 volts DC and filtered through 9 u 
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aluminium is suitable for most biological material. For such x-rays 
about three quarters of the total intensity lies in the wavelength 
region 8 to 12 A. 

Taking into consideration both the intensity distribution in the 
continuous filtered x-ray spectrum and the different values of the 


allowed percentages i.e. m,/mcno,, the final concentrations for « = 5 
per cent for the elements of biological interest can be calculated. The 
values are graphically given in per cent of meno, in Figure 6. For 
details concerning the calculations the reader is referred to the paper 
quoted above. 

From Figure 6 it is obvious that 
relatively large variations in the com- 
position of C,N and O do not affect the 
result to any considerable extent (a 
small error in the mass determination). 
Of the other elements found in bio- 
logical tissues only hydrogen might 
give a systematic error « exceeding 5 
per cent. The sum of the systematic 
errors introduced by the other elements 
can be shown not to exceed 5 per cent, 
but a correction factor for the protein 
hydrogen must be introduced. The 
error from the hydrogen in other com- 


| 
| 
| 
pounds in the dried specimen is almost J K 
wy 





























compensated by the errors from the 

trace elements. ‘The reference system 

must consist mainly of carbon, nitro- | «NE, dl o 

gen, and oxygen and is made of ——_ 

nitrated cellulose of known chemical /##’ & Maximal allowed percentage of 
Mg in relation to mexo, that gives an error of 


composition and known mass per unit 5 per cent in the mass determination, for 3,000 v 
X-rays filtered through 9 » aluminium 

















area. 
Taking all corrections into considera- 
tion we get the following expression for the calculation of the mass 


of a cell structure 


mM, King ; ( p/p) CNOref (12) 


~ = — M, f° 
Kup Kup (u/p)cnop 


The symbols have the following meaning : 
= = the weight of the biological structure under investigation 
Hp 
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Mf the mass of the reference system having the same absorp- 


tion as the sample 

the correction factor for hydrogen in protein and has the 
value 0-925 

the correction factor for the hydrogen in the reference 
system and can be calculated when the chemical compo- 
sition of the substance in the reference system is known 
the mass absorption coefficient for C,N and O in protein 
as defined above 

the mass absorption coefficient for C,N and O in the refer- 
ence system. 

This brief and necessarily incom- 
plete theoretical discussion shows 
that it is possible to determine the 
mass of small biological objects by 
absorption measurements with long 
wavelength x-rays. Naturally the 
method is not applicable to tissues 
where high concentrations of other 
elements than carbon, nitrogen and 





oxygen occur e.g. bone tissue and 
chitin-like substances. For many bio- 
logical problems it is enough to know 
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the relative distribution of mass. The 


di Bb 


relative mass is obtained directly by 


} 


rVvvUYV 


comparison between the absorption 
in the cell structure and the absorp- 





tion in the reference system. The 





mass of the cell structures thus is 





obtained in units of the reference 
system, and if the same reference sys- 
tem is used in the experiments the 
different values are directly com- 
parable. 

Apparatus— For the production of 
long wavelength x-rays a special x-ray 
tube must be used. Che specimens 
must be exposed in high vacuum in 











order to minimize absorption by air. 








As extremely fine grained film emul- 
sions are used the output of soft x-rays 





Figure 7a. Diagram of x-ray tube for produc- must be very high. A drawing of a 


tion of very soft x-rays, used for determination 


of the mass of cell structures suitable tube** is shown in figure 7a. 
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The body of the tube A is made of forged brass. The anode B is isolated 
by a porcelain cylinder C from A. By the cone D and the bellows E the 
anode with the target F can be adjusted in high vacuum. ‘The cathode 
holder G with the insulated part | supports the leads K and L to the 
filament H. A tungsten filament about 1 mm in diameter is used. 
The x-rays leave the inner part of the tube through the aperture M 
which is covered with a foil of aluminium g » thick. The foil serves 
as a filter and protects the photographic film from light. The sample 
is mounted in the holder N which is removable. O is a vacuum con- 
nection between the central part of the tube and the sample space. 
The whole tube is evacuated through P. The anode and the body of 
the tube are water cooled. The joints are made vacuum tight by 


rubber gaskets. A photograph of the experimental arrangement is 


: rr 
e—_— 





Figure 7b. Photograph of the equif ment used for the determination of 

the mass of cell structures: the x-ray tube stands on the table, with the 

molecular pump and forepump in front and the high voltage equipment, 
electronic voltage stabilizor and auxiliary instruments to the right 


wm () 
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shown in Figure 7b. The tube is evacuated with a molecular pump, 
backed by an ordinary fore-pump. The voltage, emission and vacuum 
are electronically controlled and regulated. 

Technique— A careful mounting of the specimen, which has to be 
investigated in high vacuum, is important. Over the slit in the pre- 
paration holder A (cf Figure 4) a thin collodion foil is laid. The foil 
generally has a thickness of about 0-3 « and serves as a supporting 
membrane for the biological preparation. On one half of the slit B 
is placed a smear or a section of the tissue under examination. On 
the other half of the membrane the reference system is laid, in the form 
of a step wedge. ‘The x-ray absorption of the reference system should 
be of the same order as that of the sample. As the reference system 
should be built up mainly of carbon, nitrogen and oxygen thin collodion 
foils are used. ‘The preparation is laid against the emulsion of a 
Lippman film and very good contact secured in order to minimize 
geometrical unsharpness. ‘The preparation is then exposed with soft 
x-rays the voltage and filtration of which are chosen in accordance 
with the calculations given above. Slit illumination must, of course, 
be checked for evenness before the exposure is made. After develop- 
ment and fixation the microradiogram is washed in clean water and 
dried in a dust free atmosphere. 

The microradiogram of the sample and wedge is then enlarged up 
to 500 times by photomicrography. The granularity of the Lippman 
film does not disturb photometric measurements at these magnifica- 
tions. The different parts of the microradiogram and the wedge are 


photographed separately on a plate with constant exposure time, 
illumination and focusing (Figure 8). The part of the wedge shown in 


the figures is laid in the form of a cross in order to get the image of 
two foils in a small area. By this 
arrangement it is not necessary to 
know the shape of the density curve 
either for the Lippman film or for the 
photographic plate when perform- 
ing the subsequent photometry. The 
density in the image of different cell 
structures is then compared with the 
density in the image of the wedge 
and the relative mass of the sample 
is obtained in units of the wedge. 
Figure 8. Photomicrograph of a microradio- or absolute determination of the 


gram showing a part of a muscle fibre and the . . See 
reference system mass the calculation is performed in 

In some photomicrographs of the mic roradiograms Figures GO, 10, 11, 14, 15, 10), the white areas are absorbin 
x-rays. The microradiograms were registered with 3,000 v x-rays filtered through 94 aluminium, except 
Figure 5 which was registered with 5,000 volts filtered through gu aluminium. 
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accordance with formula 12. 


BIOLOGICAL MATERIAL 


The resolving power for a specimen with 


good contrast is as small as 1 y with this technique. 


Applications 


mass determination will be briefly described. 


is referred to the original papers. 


In this section a few applications of the technique for 


For details the reader 


In Figure 9 is shown a photomicrograph of a microradiogram of 
single nerve fibres. Single nerve fibres were obtained by microdissee- 


tion of the ischiadic nerve from frog and 


the fibres dried at low tem- 


perature. During dissection before drying checks were made that the 





2 2 mi roradiogram 
rodissection of the ischiadic nerve 


black 


of sing le 
/ 


Figure 9. Photomicrograph of 
nerve fibres, obtained by mi 
Srom frog. In the picture the 
x-rays. The tubular structure 1s 
there are inhomogeneities due to the shrinkage of the axoplasm 
during drying. In the neighbourhood of the nedes of Ranvier, 
the outer, stronger absorbing layer becomes thicker. Maeni- 


Jieation ¢ 200 * 200 


areas are absorbing 
clear and inside the tubes 


presumably the axis cylinder, has five to 
eight times smafler mass. The nerve fibre 
is thus a rigid tube with most of its mass 
contributed by the myelin sheath (see 


If the specific density of the 


180 


figure 10). 


fibres were excitable and the 
salts in the fluids used for 
the dissection were washed 
away. From the picture it 1s 
obvious that the fibres have 
a tube-like structure, where 
the outer layer of the tube has 
a greater Opacity to X-rays 
than has the inner portion. 
This outer layer seems to 
correspond histologically to 
the myelin The 
nodes of Ranvier can be seen 
and in the neighbourhood 
of each node the outer layer, 
presumably the myelin 
sheath, is thicker. 
Quantitative 
ments on single nerve fibres 
indicate that the outer layer 
of the tube has a mass of 
10-42 gm 


sheath. 


measure- 


about 0-3 to 0-4 
«3, and the inner portion, 


Frozen section through 
from the 


Figure 10. 
a bundle of 
ischiadi nerve of frog. The cross 
section ts rather thick but in 
places the high absorbing power of 
sheath and the almost 
ng axl can be 
Magnification ¢ 100 X 100 


nerve fibres 
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li» 
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axis cylinder is assumed to be 1 in the living fibre the measurements 
obtained indicate that the water content of the axoplasm is go to 95 
per cent. 

Fibres, the mass of which had been determined, were extracted with 
lipid solvents. After extraction a repeat determination of mass was 
performed. The lipid content thus was obtained by the difference 
between these two measurements. After extraction the myelin sheath 
was not homogeneous as before. The middle third of the sheath had 
lost the most material. In this middle portion about half of the mass 
was extracted by lipid solvents. No appreciable loss of mass was found 
in the axis cylinder. 

Living single nerve fibres were electrically stimulated. Changes 
in the mass of the axis cylinder close to the nodes were observed 
but this problem demands detailed study. A detailed report on the 
examination of nerve fibres is found in the paper by ENGstrOmM and 
Lutuy 3°, 

In striated muscle fibres the cross striations come out clearly. 
Figure 11 shows a microradiograph of a section through a muscle from 
a Chironomus larva. Also it can be seen that the mass is not equally 
distributed within the bands. The bands with a high opacity to x-rays 
seem to correspond to the 
anisotropic segments. 
When the mass in the 
different bands was deter- 
mined it was found that 
the ratio between the mass 
of the strong and weak 
absorbing segments is 
about 1°8: 1. Consulting 
Figure 6 it is obvious, that 
this represents a true dil- 
ference In mass and is not “1 ection through & muscle fibre from Chironomus. 
an effect of elements with 5.7 of the Abre is cood but decreases t ne yeaa 


tha > 7 
er the whole 


, nt 
leasuremeni 
) 


higher atomic number e.g. 
potassium. A fuller ac- 
count will be published 
later. 

The distribution of mass has been studied in animal and plant cells. 


In most animal cells the nucleus seems to have a lower mass per unit 
In certain 


volume than the cytoplasm or the nucleolus (Figure 12). 
plant cells e.g. growing cells in the onion root tip, the nuc leus has a 
greater density than the cytoplasm Figure 13). The cytoplasm of nerve 
cells from the spinal cord has about double the mass of the nucleus per 


QO 
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unit volume. The nucleolus has at least the same mass per unit volume 


as the cytoplasm®, 


Figure 12. Photomicrograph of a 
microradiogram of a nerve cell in a 
microtrome section from spinal cord, 
using 3,000 v radiation filtered 
through ou a a The white Figure 13. Longitudinal section through an onion root tip. 
areas are absorbing X-rays. The The microradiogram registered as in Figure 2. The nuclei 
strong x-ray absorption of the give strong contrast in comparison with the almost empt 
nucleolus, indicating a high density cytoplasm. Adaonification Go X60 my 
of material, is prominent. The is 
nucleus has less x-ray absorption 
than the cytoplasm. Magnification 

¢ 300 x 300 Figure 14 illustrates the difference 

in mass between nucleus and cyto- 


plasm in cells from the salivary gland 
of Chironomus. The high density of 
the chromosomes C in the nucleus 
N is striking. In the salivary gland 
chromosomes there are great dif- 
ferences in mass. between the 
different bands as illustrated in 
Figure 15. 

Finally in Figure 16 is shown a 


photomicrograph of a section of 
skin. ‘he amount of substance was 
determined in different layers and 
details may be obtained in the 
134, 35 


paper quoted above 
Conclusions— By the measurement 


Figure 14. Microtome section from the salwary of a broad band of x-rays, properly 


gland of Chironomus. Note the low mass per ANS ; ee 
unit area of the nucleus N in comparison with selected, It 1S possible to determine 
that of the cytoplasm Cy. Within the nucleus the the mass of cellular structures as 
strong x-ray absorbing chromosomes C can be , . . T sil 
seen. Magnification c 100 x 100 small as 1 in diameter. he rela 
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tive mass is obtained directly by 
comparison with a reference sys- 
tem and the absolute mass can be 
computed. For most biological prob- 
lems, however, it is only necessary 
to know the relative distribution of 
mass. By determining the mass of 
a structure and then extracting the 
specimen or treating it with enzymes 
a repeat determination of mass gives 
information about groups of sub- 
stances specifically removed. 

The introduction of elements with 
high atomic numbers which react 


Figure 15. Giant chromosome from Chirono- stoichiometrically with certain sub- 
mus obtained by microdissection. The picture 
is somewhat unsharp due to the thickness of the 
chromosome. This not too good picture, however, sible to estimate the amount of 
shows the great difference in mass between 
the different groups of bands, Magnification 

€ 500 x 500 X-ray absorption. 


stances in the sample makes it pos- 


these substances by the increase in 


Figure 16. A microtome section (5) through skin epithelium. 
rneum has a strong x-ray absorption, thus a} 
lying epithelial cells have a smaller mass 
] 


single cells with thetr nucle: can be seer 


, I j } 
collagenous fibres are clearly seen iw the 


Jiation ¢ 50 * 5 


do 
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QUANTITATIVE DETERMINATION OF ELEMENTS IN BIOLOGICAL 
MATERIAL BY X-RAY ABSORPTION SPECTROGRAPHY 
In the x-ray absorption spectrum of the elements absorption discon- 
tinuities, sometimes called absorption edges or absorption jumps, 
appear at wavelengths characteristic for each element. The positions 
of these edges in the x-ray absorption spectrum are an atomic property 
of the element, thus they are not 
affected by the chemical state. Such 
a series of discontinuities 1s shown 
schematically in Figure 17. The 
shape of an x-ray absorption curve 
for an element is plotted for a wide 
waveleneth range. The designation 


of the absorption edges appears in 








the figure. The elements with high 
atomic numbers have their absorp- 
tion edges at very short wavelengths 
and the position in the spectrum of 


edge is shifted towards longer wavelengths with de- 


logical Interest 











creasing atomic number. Table // gives the wavelength values for 
some elements of biological interest. It 
is clear that the A-absorption edges for 
the elements of major biological interest, 
C,N,O,Na,P,S,Cl, K,Ca and Fe lie within 
a wavelength region. which is favourable 
for the measurement of absorptions in a 





biological specimen. 





In a sample containing several elements 


Figure 18. Absorption of a compound the estimation of a particular element is 


sar le ( uw d d nlo two fractions o ‘ ms ‘ M “4 
nple q divided into wtonsone made by measuring the absorption of 

comprising the element sougl ind Fes oo ty . ° 

the second the other elements ‘) X-rays in the vicinity of an absorption edge 
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of that element?74°, Let the mass of the whole sample be g gm/sq cm 
(Figure 18). The absorption for the sample can be broken up into two 
components, one comprising the element being determined x and one 
comprising all the other elements. The absorption of x-rays of the 
wavelengths A, and A, per sq cm of sample is, according to equation 2 


p’ ; 


oe ee ee 
i=, at | i xT &i(g— 
(13) 


i, = /, exp 


The symbols have the following meaning : 
A, = wavelength on short wave side of absorption edge 
wavelength on long wave side of absorption edge 
mass of sought-for element in gm/sq cm 
mass of whole sample in gm/sq cm 
mass absorption coefficient for X in the wavelength | 
mass absorption coefficient for X in the wavelength A. 
hypothetical mass absorption coefficient for (¢ — X) in wave- 
length A, 
hypothetical mass absorption coefficient for (¢ — X) in wave- 
length A, 
intensity of the incident radiation in wavelength ? 
intensity of the incident radiation in wavelength A, 
intensity of transmitted radiation in wavelength 
intensity of transmitted radiation in wavelength 
If (¢ — X) is eliminated the following expression is obtained 


. (14) 


As has been said before the scattering of x-rays can be ignored in 
comparison with the photoelectric absorption in the wavelength region 
referred to here. From equations 13 and 14 it can be seen, however, 
that even if the scattering were appreciable it would not affect the 
analytical result. The scattering effect for the sample is the same both 
for Ay and A, as those two wavelengths lie close to each other. 

The quotients 7,//, and 7,//, in equation 14 can be determined ex- 
perimentally and the values of the mass absorption coefficients can be 
taken from text books in x-ray physics or standard tables. In order to 
calculate X it is necessary to determine the quotient between the two 


absorption coefficients for the foreign substances in the sample 1.e. the 
absorption coefficients for (g — X). Ifthe wavelengths A, and A, both 
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lie quite close to the absorption edge, the quotient y,’/u,.’ can be re- 
placed by (A,/A,)’ which can be calculated from equations 2 and 6. 
If the area analysed is S sq cm the amount of the element being deter- 


in( t2 
I, 


at es 


p 


mined X is 





The value of the exponent / is discussed in connection with equation 7. 

When the wavelengths A, and A, are selected quite close to the edge 
and the intensity of the incident radiation is assumed to be the same in 
the two wavelengths (/, = /,), the following simplified equation is 
obtained for the calculation of X 


ly . exp ~ — - ‘= eae (OD 
Xv 

The limit of sensitivity for the method can be calculated from equation 

16 when the accuracy of the absorption determination is known. When 

A, and A, are not situated close to the absorption edge the exponent p 

must be determined with greater accuracy than when the two wave- 

lengths lie close to the edge. In such cases it is preferable to determine 

p experimentally on substances of known composition. 

The ideal method, however, is to register a continuous absorption 
spectrum in the neighhourhood of an absorp- 
tion edge and calculate the amount sought for 
according to equation 16. In this instance the 
height of the absorption jump is obtained 
directly without introducing any correction for 
the selection of wavelengths. This technique 





is possible only when a continuous X-ray spec- 
trum is available and it is difficult to combine 
Figure 19. Mass absorption with microradiography as a very great number 


coefficient as a function of the FOF : 
wavelength in logarithmic scale Of mMicroradiograms must be taken to approach 





a continuous spectrum. 
The height of the absorption jump can be extrapolated in another 
way. If we take the logarithm of both sides of equation 6, ignoring the 
scattering we obtain 


log =n. log a er (i 
p 


If a curve is drawn with log (/p) as a function of log A we obtain two 
straight lines as shown in Figure 19. The inclination on the two sides of 
the absorption jump is slightly different depending on the value of n. 
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{n the sample the absorption, 7//, for different wavelengths A,,A,,A3,A4 
is determined experimentally. If equations 1 and 17 are combined 
it can be shown that the logarithm of In (//7) is a straight line function 
of log A. The height of the absorption jump thus can be extrapolated 
in a double logarithmic system where In (J/t) is plotted against A (for 
details see ENGstrROM**). Knowing the height of the absorption jump 
the amount of the element sought for can be calculated from equation 
16. This time consuming procedure for determination of an element 
can be used in most cases even when there are large quantities of 
foreign elements (¢ — X) present in the sample. 
Sensitivity of the method— The 
next step in the calculations 1s 





to investigate the sensitivity of the 
x-ray absorption method and 
judge its applicability for solving 
problems in the chemistry of cells 
and tissues. From equation 16 it 
can be seen that small amounts 
of an element X can be determined 
when by/pP - | f9/p has a high 
value. The numerical value of 
this difference as already stated 


increases with decreasing atomic 





number. In Figure 20 is shown 
a graph where (,/p) — (p/p) is 
Figure 20. Difference of the s absorption plotted as a function of the atomic 
coefficients on both sides of the absorption edg number. The increase in the value 
(Ha 43) as a function of the atomic number. of 


- 1/p “,/p) depends on two 
Px 2/1 


r ! . f - 
ne calculations refer to K, L443, and My edges factors. One is that the absorp- 


tion edges for elements with low 
atomic numbers are in a region where the x-ray absorption is strong, 
thus giving a large value for the mass absorption coefficients. The 
other is that the relative size of the absorption jump increases with 
decreasing atomic number. 

The smallest determinable amount of an element depends on the 
accuracy with which the quotients between the incident and trans- 
mitted radiations can be determined, and also on the accuracy 
demanded in the determination of X. If in equation 16 an intensity 
difference of 5 per cent between 7, and 7, is assumed to be the smallest 
measurable the amount of different elements corresponding to such a 
difference can be calculated. In Figure 21 the calculation is presented. 
In this figure the calculations are performed only for the A-absorption 
edge, as this edge is mainly used for analysis of biological material. 
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If it is possible to determine experimentally the absorption of x-rays 
in the sample with great accuracy still smaller amounts can be esti- 
mated. The diagram in Figure 21 can be used to indicate proper layer 
thicknesses for the determination of certain elements in a biological 
tissue. When photographic-photometric methods are used to measure 
the absorption of x-rays the minimal amount of the element being 
determined per unit area must be about 5 times larger than the figure 

obtained from the diagram if X 1s to 

10} | | be determined with an accuracy of 
10 to 15 percent. It is then assumed 
that the photographic-photometric 
procedure for measuring the quo- 
tient between the intensities of the 
incident and transmitted radiations 
can be performed with an accuracy 

















gm/sgmm 


of a few per cent. 
Thus it is possible to determine 








quantitatively several elements in 
biological tissues of thicknesses cor- 





responding to a single cell layer. 
/0 0 30 60 70 8090 This holds good for elements occur- 





ring in relatively large concentra- 
Figure 21. Smallest determinable amount of . aon f a a 
a nea tions. For elements occurring in 
minute concentrations the layer 
thickness must be greater, and the absorption of x-rays must also be 
determined with high accuracy. 

Technique and apparatus— The sample for analysis is prepared and 
mounted as for mass-determination. The preparation is laid on one 
half of the slit of the sample holder, the reference system on the other 
half (Figure 4). When electrical methods are used to determine the 
absorption of x-rays no reference system is needed. ‘The reference 


system must be used when soft x-rays are employed to obtain a photo- 
graphic image of the sample. The density response of the photographic 
emulsion when soft x-rays are used is not linear with the incident x-ray 


energy as is true for hard x-rays. Only for low densities is there a 
proportionality to the intensity of the incident x-rays*!. 

With monochromatic x-rays microradiograms of the sample are 
registered. ‘The wavelengths selected depend on the element being 
determined. It is preferable to use the strongest characteristic x-ray 
emission lines as they have a relatively high intensity. Usually the 
Ka or La radiation is used. Proper emission lines can be selected from 
text books in x-ray physics. 

Line radiation is obtained by primary or secondary excitation. In 
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the first instance the material, the line radiation of which is desired, is 
soldered on to or rubbed into the anode of the x-ray tube. Thus the 
electrons impinge on the material. When the characteristic x-rays 
(line radiation) are secondarily excited primary x-rays strike the 
material which is to emit x-rays. The primary radiation must in this 
case have wavelengths shorter than the absorption edge for the par- 
ticular group of lines desired. The yield of secondary x-rays rapidly 
decreases with decreasing atomic number of the secondary radiator, 
which is unfavourable for the investigation of biological material. 

In case the lines are primarily excited the total voltage on the x-ray 
tube usually must not exceed the double value for the voltage corre- 
sponding to excitation of first order as these hard x-rays are reflected 
as higher orders at the same Bragg angle. The primary-excited x-rays 
leaving the tube consist of a continuous and a superimposed line 
spectrum. The particular x-ray spectral line is isolated by reflection 
in a crystal grating. The microradiogram of the sample and wedge is 
registered with such a spectrally pure radiation. 

When the x-rays are secondarily excited it is most favourable to 
purify them by reflection in a crystal. However, it is also possible to 
filter such radiation properly. In a A-emission spectrum all lines except 
the one desired can be depressed by proper filtering. The primary 
x-rays also must be excited in such a way that it is possible to filter off 
the primary rays scattered by the secondary radiator#? 4%, 

For the isolation of the desired x-ray emission lines an ordinary 
X-ray vacuum spectrograph e.g. one of Siegbahn’s design, can be 
used. As the films used for taking microradiograms of the sample are 
very insensitive, because of the very small grain size, the exposure times 
are very long. This disadvantage can be eliminated partially by using 
high luminosity spectrographs with curved crystal gratings. ‘The 
difficulties encountered in obtaining monochromatic x-rays are much 
increased in the extremely soft x-ray region where the absorption 
edges of carbon, nitrogen and oxygen are situated. A new spectro- 
graph for obtaining monochromatic x-rays in this region, utilizing a 
curved crystal grating, is now being constructed by the author. 

Applications— In order to check the method of chemical analysis by 
x-ray absorption spectroscopy determinations of elements in samples 
of known composition were performed. In microcuvettes of a few 
cumm capacity the amounts of zinc and iron were determined. 
Table II] gives the results from one experiment, where the amount of 
zinc was determined in solutions to which varying amounts of other 
elements had been added in order to find out the disturbing effect of 
the foreign elements. The cuvettes were made of aluminium foils of 
varying thickness. Zinc has its A-absorption edge at 1:28 A. The La 
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Table III. Determination of Zinc in Microcuvettes 





| 
= kn taken | 2 227A | De kn | Deviation 
Composition of ug/sq mm found | 


the solution mg/cumm | cuvette is 
0°56(4)mm ly . mm | wg | per cent 
| 








if 








| 


0:04728 ZnSO,.7H,O 6-1 | 0-065 25, | 0058 | 0-024 
03377. ZnSO,.7H,O 43°3 0-168 218 | 0-106 
0°4728 ZnSO,.7H,O 60:6 0°194 22 | O-100 
02360 Zn(NO ;),.6H,O | g°2 | 07234 068 | 0-233 | 0-129 





0:2364 ZnSO,.7H,O \ 
0:0303 CuSQ,.5H,O 
00220 FeSO,.7H,O J 


aw 
| O:1Q95 20 215 | 0-066 


0:07880 ZnSO,.7H,O |) 
00202 CuSO,.5H,O f I | 0°079 131 | 0°063 
0:0146 FeSO,.7H,O |) 





01573 Zn(NO;),.6H,O a | 33 | 35 0-060 
00321 BaBr,.2H,O J 


| 
| 
| 
| 
| 





lines from gold and platinum with the wavelengths 1-27 and 1-31 A 
respectively were used for the determination of the height of the 
absorption jump. The measurement of the absorption in the small 
cuvettes was made by repeated photometric measurements in the 
photographic x-ray image of the cuvette. For the wavelengths used 
there is a direct proportionality between the density of the film and 
the intensity of the incident x-ray beam up to a density value of about 
0-25. In the table, D indicates the density of the film, J, 7, 1 and 2 
have the same meaning as in formula 15. It can be seen that the 
analytical error is about 10 per cent. 

Some histochemical applications are shown in Figure 22. In growing 
cells from guinea-pig teeth the amounts of calcium and phosphorus 
were determined. Calcium has its A-absorption edge at 3:06 A and 
phosphorus has the edge at 5-77 A. For the determination of calcium 
the Aa lines from 
Strotum| Sc (3°03 A) and Ca 

(3°35 A) were used 
and for the deter- 
mination of phos- 
—- phorus the P Ka 
“{....| and S Ka lines (6°14 
and 5°36 A respec- 
tively). From the 
figure it can be seen 
that the content of 
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Figure 22. Determination of a calcium and phosphorus in dentine 
cells, and b of sulphur in different layers in the skin *© 4 
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these two elements increases rapidly with the distance from the apex 
of the tooth. The analytical findings can be correlated with the growth 
and differentiation of the dentine cells. 

In Figure 16 a microradiograph of a section of skin is shown. This 
microradiogram is registered with polychromatic x-rays generated at 
3,000 volts and filtered through 9 » aluminium. Ifthe microradiograms 
are taken with the Xa lines from sulphur and chlorine (5-36 and 4-72 A 
respectively) which lie on either side of the A-absorption edge for 
sulphur (5:01 A) the amount of the latter element can be determined. 
In Figure 22b such a determination has been performed. It can be seen 
that the content of sulphur is highest in the stratum corneum of the 
epithelium and decreases towards the inner layers. These analytical 
results, also, can be correlated with the growth and differentiation of 
the cells in the skin epithelium. As the measurements of the x-ray 
absorption for the two types of tissue shown above are correct within a 
few per cent, the values in Figures 22a and bhave an error ofabout 15 percent. 

Conclustons— The discussion presented above shows that several 
elements in a biological tissue can be determined within a volume 
corresponding to that of a single mammalian cell. Knowing the 
average approximate chemical composition of a tissue, the curves and 
calculations given in this section make it possible to estimate the 
possibility of analysis and the proper thickness of the specimen to be 


analysed in each case. 
X-RAY EMISSION ANALYSIS OF BIOLOGICAL MATERIAL 


When performing an x-ray emission analysis of a substance the 
characteristic x-ray emission lines of the sample are primarily or 
secondarily excited (see p 188). The elements of which the radiator is 
composed can be determined by estimating the wavelengths of the 
emitted radiation. Intensity measurements in the line spectrum make 
it possible to determine the amounts of the elements. As biological 
material to a very large extent consists of organic substances which 
would decompose and evaporate under electron bombardment in an 
x-ray tube the method of secondary excitation is the most suitable. 
Also, from the point of view that the area analysed must be carefully 
localized the method of secondary excitation has advantages. As x-ray 
emission methods up to date have found little application to the 
analysis of biological material this section is very condensed and only 
the most promising methods are mentioned. 

In general, the elements to be determined in the biological material 
have low atomic numbers. This is very unfavourable as the yield of 
secondary x-rays rapidly decreases with atomic number. A rough 
estimation of the intensity conditions indicates that the emission 
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spectroscopy of biological material can be used only under certain 
special conditions. The combination of a very small intensity of the 
secondary x-rays from a biological sample with the necessity to be 
able to localize the area analysed indicates that the best experimental 
arrangement would be a curved crystal in ‘image position’ in 
the spectrograph. 











Figure 23. X-ray image spectrograph**. a General arrangement, 
b Position of the image in relation to the sample, ¢ Arrangement 
for highest resolving power 


Figure 23a illustrates the principle of the x-ray image spectrograph, 
developed by von Hamos**-46, In the x-ray tube Q primary x-rays of 
proper wavelengths are generated. These x-rays induce characteristic 
x-rays in the sample O. The secondary characteristic x-rays are 
reflected according to the Bragg law in the cylindrical crystal C and 
produce an image on the photographic film F. The crystal has the 
radius R. The characteristic radiation of each element, A, and A,, will 
form images B, and B, at certain places on the film, as illustrated in the 
figure. Thus the position of the image on the film gives information 
about the nature of the element and the intensity of the radiation 
(density of the image), has a relationship to the amount of that element. 
Figure 23b shows a longitudinal section of the image spectrograph. 
The distance 2X between corresponding points in the sample and in 
the image is given by 

2X = 2Rcoto won pe 
and, introducing the Bragg formula 
nd = 2d sing + saftg) 
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2i = an, | (24) ee vee 
na 


In the formula d is the grating constant of the crystal and n the order 
of reflection. The geometrical properties of the image spectrograph 
have been discussed by von Hamos** #6 in detail. By changing the 
angles between the sample plane and the plane of the film relative to 
the longitudinal axis for the crystal curvature, it is possible to obtain 
an enlarged image of the sample. The image, however, is distorted. 
The highest resolving power of the system is obtained when the plane 
of the sample and the film are arranged in accordance with Figure 23¢. 
Unit magnification is obtained and the angles that the film and sample 
make with the longitudinal axis are 


we get 


— +- gO B = —@— 90 


The quality of the image is good and if the grain of the film is not too 
coarse, microscopic examination of the film is possible. The best image 
quality is obtained when the object is situated near the longitudinal 
axis of curvature of the crystal and the resolving power of the crystal 
mirror is not limited by geometric aberration as much as by chromatic 
aberration due to the nature of x-rays. The order of magnitude of the 
chromatic aberration is 1/1,000 of the crystal radius*’. 

Hoppe and Trurnir*’ published a paper on the theory of spherical 
crystal lenses for monochromatic x-rays. From their calculations it 
can be seen that a symnnetrical rotational surface, coated with a 
crystalline material, theoretically might give a maximal resolving 
power of about 1 x. 

When a thick object such as a metal block is irradiated with primary 
x-rays and the intensity of the secondary x-rays is measured the con- 

centration of a particular element can be 
calculated. As the thickness of the object 
is decreased, the total intensity of secondary 
radiation remains constant until the absorp- 
tion of the secondary radiation generated 
at the maximal depth in the sample is no 
longer complete (see Figure 24). For very 
Thickness of Specimen thin samples where the absorption of the 








Figure 24. Intensity of secondary line | primary and secondary x-rays in the sample 
radiation as « fonstion of sample itself is negligible, the intensity of the 
thickness ** SEA ASE eae 

characteristic secondary radiation is pro- 


portional to the mass per unit area of the element emitting the radia- 
tion. Taking these calculations into consideration the method of 
emission analysis would be suitable for determination of elements of 
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atomic numbers higher than those usually found in biological tissues. 
The exposure times, however, are very long as the concentrations of 
these high atomic elements are small and thin sections have to be 


used. 

The method of image spectroscopy has proved to be useful in metal- 
lurgy and von Hamos and Encstrom* tried to use it for the deter- 
mination of zinc and iron in sections of biological tissues. The exposure 
times were very long and the images obtained did not allow a high 
magnification. It might be expected, however, that the method will 
find applications in the analysis of biological material with relatively 
high concentration of elements with atomic number above 15 e.g. 
bone tissue. 

The methods described may however be useful to make an image of 
a sample with monochromatic x-rays. Instead of exciting the sample 
to send out its characteristic x-rays, monochromatic x-rays are allowed 
to pass through the sample and the absorption image is recorded. A 
great difficulty is the necessity of working with extremely soft x-rays 
when analysing biological material. In the extremely soft x-ray region 
as said before, the generation, monochromatization and measurement 
of radiation is very complicated. 


CONCLUSIONS 
The use of soft x-rays permits the quantitative analysis of small volumes 
of biological material. The utilization of x-ray absorption spectro- 
scopy makes it possible to determine the total mass as well as the 
amounts of certain elements in a cell structure. 

When determining the mass polychromatic x-rays are used. The 
mass determination is based on the assumption that the main con- 
stituents of the biological material are carbon, nitrogen and oxygen. 
An element with a high atomic number would thus introduce an error 
because its real contribution to total mass would be lower than that 
calculated from its x-ray absorption. Such errors, however, can be 
minimized by proper selection of the wavelengths in the polychromatic 
X-ray spectrum. Therefore it is necessary to calculate the proper dis- 
tribution of wavelengths in the x-ray spectrum used for each type of 
material investigated. 

For the determination of elements monochromatic x-rays are used. 
By the ordinary photographic-photometric technique certain elements 
can be determined in a volume corresponding to that of a single cell. 
If the accuracy of the technique for measuring the absorption of x-rays 
can be increased it seems possible that also other elements occurring 
in smaller concentrations can be determined. When very small 
amounts are determined, however, the error in the determination of 
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the particular element becomes greater, a fact which must be kept in 
mind when judging the results. 

The use of x-ray emission spectroscopy seems at present not to be 
generally applicable for the analysis of biological material. 

The preparation of the samples for analysis is complicated for the 
specimens must be investigated in vacuum. As it is impossible to in- 
vestigate living cells and tissues great attention must be paid to the 
artifacts that may be introduced by fixing and drying procedures. 

Once the technical difficulties are satisfactorily overcome and appro- 
priate care is taken in the interpretation of data, the methods presented 
in this paper can be and have been profitably applied to many hitherto 
inaccessible problems in cell biology. Total mass can now be used as a 
basis upon which to express elementary analyses of cellular structures. 
The mass determination method can be extended also to include 
certain biochemical analyses of more general nature for example the 
determination of percentage of matter extractable or digestible by 


various biochemical agencies. 

One may also determine the ratio between total amounts of two 
elements for the purpose of determining the physiological state of a 
cell or a tissue or eventually to assist in the identification of intracellular 
substances (e.g. nitrogen/phosphorus ratio). Finally there is now the 
possibility of investigating changes in the total mass of cell organelles 
during various natural processes such as growth and differentiation. 
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THE TOLERANCE 
OF MAN FOR RADIOACTIVE ISOTOPES 


7. F. Loutit 


Tue development of the chain-reacting pile has led to the production 
of enormous quantities of radioactive fission products. Few, if any of 
these, have any practical immediate use, but they are necessary by- 
products of the process of fission of U*%° or Pu?%®. As the production 
of energy by nuclear fission is a process which has come to stay it has 
been necessary to consider the effect on the living things on this 
earth of the inevitable escape of a proportion of these radioactive 
isotopes into air and water. 

As egoists our first consideration is for the future wellbeing of the 
human race, but because of our dependence for food and clothing on 
the plant and animal kingdoms these are not to be forgotten. More- 
over man does not live on food alone. His most fundamental require- 
ments are water and air. The purity of the atmosphere and water 
supplies is, therefore, the chief consideration. If these are uncontami- 
nated, or only minimally contaminated, it is likely that man, who, 
probably because of his high degree of evolution, is more sensitive to 
the ill effects of radiation than lower organisms, will not come to 
harm. 

The atmosphere can readily be contaminated by nuclear reactors. 


A pile, for instance, may be air cooled and the air passing through the 


reacting core will be exposed to bombardment by neutrons and made 
radioactive. Fortunately the main constituents of the air, oxygen 
and nitrogen, although they do capture neutrons, form radioactive 
isotopes which are small in amount and of very short half life. They 
do not, therefore, constitute a hazard. Argon is the element which is 
most seriously affected. The A*® is converted by capture of a neutron 
to A‘! which emits both £- and y-rays. This isotope has a half life 
of 1-8 hours. Because argon is a noble gas it does not enter into the 
composition of the body, but it can be taken up into the body fluids 
in solution. However, it can be calculated that this effect is less 
limiting than that exerted from the external irradiation of the body by 
the B- and y-rays of the A‘! in the atmosphere. A_ permissible 
concentration of A‘! in the atmosphere can, therefore, be set by 
comparison with the so-called tolerance values for external y-radiation. 
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Pollution of water supplies is similarly possible if the piles are 
water cooled. The cooling water, like the cooling air, in the example 
above, is bombarded with neutrons. The direct effect on the hydrogen 
and oxygen atoms again is negligible as far as the production of 
radioactive isotopes of these substances is concerned, but impurities in 
the water, such as sodium, may have a strong affinity for neutrons 
and become radioactive. This can be largely overcome by having 
purified water supplies and by delaying the effluent until short-lived 
radioactive isotopes have decayed. 

As long as the fissionable material and its fission products are sealed 
in the pile there is no danger from them. Sooner or later, however, 
these have to be chemically processed to salvage the uranium, the 
plutonium and any other product of the fission that may be wanted. 
Some of the fission products are gases and others, notably I['3', are 
volatile. The escape of these gaseous products into the atmosphere 
and the discharge of the non-volatile unwanted fission products into 
the standard drains have to be prevented. The unwanted materials 
must be separated, concentrated and stored safely. No air filtration 


, 


system is perfect, however, so some fraction of the volatile fission 
products must be expected to reach the atmosphere. Similarly the 
chemical apparatus must be washed and occasional spills must be 
anticipated : thus some fission products will reach the drains. 


THE TOLERANCE DOSE 

It is necessary, therefore, to consider what are the maximal quantities 
of these fission products that can be allowed to escape in this way 
without doing any significant damage to us. Given these figures the 
chemical engineers can design their plants accordingly. ‘This con- 
sideration of tolerable doses of radioactive substances is obviously of 
importance to whole communities. The principles will, however, 
apply also to individuals who are the subjects of clinical investigation 
with radioactive isotopes. 

From the medical point of view what one requires to know is that 
quantity of each radioisotope which can be held permanently by a 
person without producing any observable ill effect; that is, it shall not 
significantly affect his expectation of life or health, it shall not induce 
new growths and it shall not seriously damage his germ plasm. 

The only certain way in which such a quantity could be determined 
would be by direct experiment which is obviously impossible. There- 
fore, it has at present to be assessed by indirect means. For this there 
are two possible methods. ‘The one is the theoretical comparison of 
the probable effects of internally deposited radioactive substances with 
those of externally applied radiations. The other is a comparison 
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with the known effects of an internally deposited naturally radioactive 
substance : radium. 


EXTERNAL X- AND y-RADIATION AS A CRITERION OF TOLERANCE 


This is the method which has hitherto been the one almost solely 
employed. The basis is the accumulated experience over the last 
50 years with penetrating x-rays and the y-rays of radium. The 
International Committee on x-ray and Radium Protection formerly 
made recommendations, after assessing the evidence, to the effect that 
a healthy person can tolerate with impunity exposure to one inter- 
national roentgen per week. This was written into the recommen- 
dations! of the British x-ray and Radium Protection Committee, 
1943. X-, y- and similar radiations liberate electrons from the atoms 
in the media through which they pass. The resulting charged particles 
are, therefore, ions and the radiations which have this action are 


termed ionizing radiations. For x- and y-rays the quantity or dose is 
measured by means of the resulting ionization. The unit of dose, the 
roentgen, has been defined as the quantity of x- and y-radiation such 
that the associated corpuscular emission, per 0-001293 gm of air, 
produces in air ions carrying one electrostatic unit of quantity of 


electricity of either sign. 

As a result of still more experience and from the evidence obtained 
from large scale experimentation with laboratory animals by the 
Manhattan District organization in the United States of America 
during the latter years of the last war it has been felt that this figure 
of ir per week does not provide a sufficient safety factor. The 
Protection Sub-Committee of the Medical Research Council? in 
Britain has, therefore, recommended for the time being that ‘ in 
circumstances in which the whole body may be exposed, over an 
indefinite period, to x- or y-radiation of quantum energy less than 
3 Mev, the maximal permissible dose received by the surface of the 
body shall be 0-5 roentgen in any one week’. Opinion in the United 
States is substantially in agreement with this. There the maximal 
permissible weekly dose of o-gr is to be measured not at the surface of 
the body but in free air and, therefore, without the contribution 
of scattered radiations. 

The argument proceeds. The permissible dose of radiation for the 
whole body is limited by the organs or tissues which are most sensitive 
to damage by ionizing radiations. These are the haemopoietic tissues 
(the bone marrow and the lymphatic tissue), the gonads, the intestinal 
mucosa and the skin. In general, therefore, while the dose received 
by any organ should not exceed 0-5 or o-gr per week, if an organ or 
tissue is known to be particularly resistant to damage by radiation, 
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an extra factor may be allowed for this when considering the concen- 
tration by such an organ of a radioactive isotope. Thus the thyroid 
gland is generally regarded as being resistant. It is known that the 
thyroid concentrates iodine when inorganic iodide is administered, so 
some would permit the thyroid tissue to receive from the fission 
product I'*1 a dose ten times that permitted to the bone marrow from, 
say, radioactive phosphorus. 

The general principles of the theoretical considerations on deter- 
mining the tolerance concentrations of radio-isotopes have been applied 
by Coun? to the calculation by formulae of the permissible concentra- 
tions of these substances in air, water or food. To quote Cohn, 

This relationship is expressed in terms of biological constants (degree of 

absorption, pattern of deposition, .rate of excretion) and physical constants (half 

life, radiation energy) of the coniaminating substance. Only §-radiation 1s 
considered, since y-radiation, because of its low specific ionization is much less 
dependent upon localization for biological effectiveness. However, the formu- 
lation presented is easily modified to take both a- and y-radiation into account. 

The physical constants, even of the more or less recently discovered 
fission products, are known with considerable accuracy. SEABORG and 
PERLMAN! have reviewed them. ‘The biological factors on the other 
hand are far from being constants in the best accepted version of the 
term. Within a given species of animal there is bound to be a con- 
siderable variation between individuals. Between species there is a 
notoriously wide variation. 

Before the era of readily available radioactive isotopes, a good deal 
was known about the metabolism of most of the radicals found in the 
normal body and, from their therapeutic and toxicological properties, 
of many of the other elements. With the use of radioactive isotopes 
this knowledge has been extended, and, particularly due to the work 
of Hami_ron and the Berkeley school, much is known now about the 
metabolism of fission products. These are elements from the middle 
of the periodic table with mass numbers 
from 72 (Zn) to 158 (Gd). They were listed 
by the Plutonium Project® in 1946. There are 
two peaks in the graph of the fission yield with 





maxima about mass numbers 95 and 140 
Figure 1). The elements of reasonably long 
half life with appreciably high fission yields 
are given in Table J. Most biologists, after 
inspecting this list, would agree that there 








is a general ignorance of the biological fate 
of these elements. Therefore, to apply 


NDer . ° 
Cohn’s calculations one is dependert on the 


Figure 1. Yields of U*** fission sag: : 
products chains as a function of mass excellent, but limited work of Hamitton® 
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Table I. Half lives of Elements with High Fission Yields and his colleagues with rats 





which has been published in 


1. an 2 ee posse the form of a summary and on 





Kr®5 | 10 years [131 8 days other unpublished material. 
Sr5® 53 days Xe133 | 5:3 days a a geen 

Sr® | 25 years Cs!85 | 9-5 x 104 years One of Cohn . example s ol 
Y?! | 57 days Cs'97_ | 33 years the use of these general for- 
Zr®5 | 65 days Ba!#° 12°8 days 

Cb*5 35 days Cet*! | 28 days : : 
BS sd 4 X 10° years || Pr*4#3 | 13-8 days amount of a given product, 
Ru? 42 days Ce'4#4 | 275 days 
3 


Rul I year ghee 





mulae is the calculation of the 


inhaled or ingested daily from 


*7 years 








a source which is held con- 


wale 





stant (example a_ reservoir 
poisoned daily) which will give a maximum dose of 0-1 rep per day 
after infinite exposure. The term rep stands for roentgen equivalent 
physical. The roentgen, as has been noted previously, has been 
defined as a unit of dose for x- and y-rays. For other ionizing 
radiations PARKER’ has defined a unit of dose, the rep, as ‘ that dose 
of any ionizing radiation which produces energy absorption of 83 ergs/cc 
of tissue ’. 


Then , == 0. 7 qg,ad. 


where /,, = maximum dose rate of o-1 rep/24 hours 
FE = average energy of f-particles in electron volts 
W = weight of organ in grams absorbing all the §-radiation 
the unknown curies taken into the body per day 
fraction of ingested or inhaled activity absorbed into the 
blood 
fraction of the absorbed material being deposited in mass 
W of the given tissue 
decay constant of the 8-emitter in days~! 
excretion constant of the f-emitter from the organ in 


days~! 
In a concrete example, the fission product Sr®°, the calculation would be 
60(0°-5 x 108). 20 l 
0-1 Jo: , 
104 100 (-0130 + -0015 


as the average energy of the Sr®® 8-ray is 500,000 ev, the Sr’® is 
deposited uniformly throughout the 10 kg skeleton, about 20 per cent 
of the ingested material is laid down in the skeleton, the physical half 
life is 53 days and the excretion constant is assumed to be -0015 1.e. 


Yo = 24 X 10-6 curies 
Thus a daily intake of 2-4uc of Sr8® should, it is calculated, give a 
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local dose in the bone of o-1 rep per day, which according to previously 
held ideas should be tolerable. 
The main fallacy of these calculations is that, while absorption a 


and deposition d are variable with species and circumstances, it is 


possible to strike an average figure which would cover most circum- 


stances. The insertion of a safety factor of 2 or 5 at the end of the 
calculation would ensure all cases being covered. But the factor 8, 
the excretion constant, is a mathematical fiction. The excretion of all 
radicals is not random to give an exponential excretion. Excretion 1s 
rapid at first and slows down later but the ‘ excretion constant’ 1s at 
the best an approximation. For short lived isotopes the excretion 
constant can probably be neglected as it is likely to be small compared 
with the decay constant, but for the long lived isotopes e.g. Sr®, 
half life 25 years, it will be the major component in the A + 8 factor 
and an error in the approximation will cause a significant error in the 
result of the calculation. The ultra conservative would therefore say, 
let us assume no excretion at all. This, however, may reduce the 
permissible amounts of the longer lived isotopes to prohibitively low 


values. 
DEPOSITION OF RADIUM AS A CRITERION OF TOLERANCE 


The other method of assessment of the quantity of radioactive isotope 
permitted in the human body is the possible comparison with radium. 
Just as there has been experience with the effects of external irradiation 
by x- and y-rays, so also industrial hygienists have recognized ill 
effects from internally deposited radium. At the present time it 1s 
considered’ from empirical evidence that o-1~g permanently fixed 
in the body is the maximal permissible quantity. It is claimed by 
Evans et alii®, }° that burdens of the order of tpg in the body have 
given rise to ill effects due to the radiations of radium. According to 
calculation this should be a reasonably safe amount. If one assumes 
that radium, like calcium, is concentrated in bone and, also like 
calcium, is uniformly distributed there, the local dose rate can be 
calculated. Each atom of radium on disintegrating to radon liberates 
an a-particle of very short range but of high energy (4-8 Mev 
Each microcurie of radium (~ Ipzg) by definition undergoes 3:7 x 104 
disintegrations per second. ‘There are 8-64 * 104 seconds in a day, 
6:25 & 10° electron volts per erg and 84 ergs/gm per rep. ‘Therefore 
Ipg of radium distributed in a man’s skeleton of 10 Kg weight should 
give a dose of 

3-7 x 104 x 4°8 x 8-64 x 104 


, 7 rep/week 
Oe on ee rep/week. 


a 4 vad maaan a —— 
104 6:25 «x 10° x 284 
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Whereas 0:5 rep/week can be taken as the maximal permissible 
amount of x-, y- and §-radiation there is general agreement that a 
safety factor of about ten should be applied when dealing with a-rays 
and their intensely local ionizing properties. For a-rays, therefore, 
the maximal permissible dose might be set at 0-05 rep, and the above 
calculation would suggest that the dose from the radium (1pe¢/per 
person) was 4 times greater than the permissible. On the other hand 
much of the energy of the disintegrations will be absorbed in the 
inorganic material of the skeleton and will not be liberated in the 
living cells of the bone. From the microscopic appearance of bone 
one would imagine this safety factor to be considerable. In making 
this calculation only two assumptions have been made 

a that the radium is uniformly distributed in the bone 

6 that the dose to bone is the result of the disintegration only of the 


radium atom. 
It will be remembered that radium is one of the elements in a radio- 


active chain. Each element produced by the disintegration of its 
parent element is itself radio- 





active. The chain is shown 


— a | in Figure 2. ‘Thus if the pro- 
gh $i { eaten: dele | duct of the disintegration of 
we Ue | | the radium atom 2.e. radon, 
T remained in situ until it also 
L 4 — disintegrated it would liberate 
its energy to the same tissue 
cells as its parent, radium. 
The energy released in the 
tissue therefore would be not 
1°8 Mev but 1°8 + 55 Mev. 
If all the atoms of the chain 
disintegrated in situ the whole 
of the energy of the chain 
would have to be taken into 
account. ‘This would intro- 
duce an adverse factor of 
about 5. The balancing of 
these unknown factors might 








explain why 1g radium dis- 





tributed in the skeleton is 
Figure 2. Decay chains of U?** and Th*?, danger us. 
It is worth while, therefore, 
considering in some detail what is known about the metabolism of 
radium in the human body and the results of its retention. 
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METABOLISM OF RADIUM 


There are a number of reviews in the literature on this subject, 
notably those by Evans®, 11. Excellent though these are, it is difficult 
to get a clear cut picture of the problem. This is partly because a 
great deal of the evidence collected by Evans with collaborators is 
still unpublished. For the rest, much of the data concerns industrial 
intoxications and it is not always clear to what toxic substances the 
cases were exposed, in what doses and with what statistical results. 
In fact it is fairly typical clinical material about which as always it 
1s difficult to be dogemati ; 

Intake of radium into bod) Radium has gained entrance to the body 
by ingestion, injection and inhalation. There was a time when 
radium was given internally by the former two methods as a thera- 
peutic agent for such conditions as chronic arthritis, cancer, the 
reticulo-endothelioses, diabetes and a host of less explicable conditions. 
The vogue for this has fortunately passed. It has also been marketed 
as a ‘quack’ tonic. Finally it has been ingested as luminous paint 1n 
the now notorious instances of the United States luminising industry of 
twenty to thirty years ago ; the operatives used brushes for applying 
the paint and pointed the brushes with their lips. Luminising is, of 
course, still carried on but brush work has been replaced with pen 
work and the hazards are now greatest from the inhalation of dust 
particles of the dried paint. 

Complications arising in the determination of intake— Superficially, the 


S 


hazards seem straightforward. However, whereas radium as a thera- 


peutic agent seems in all cases to have been radium, the ‘quack’ remedy, 
‘ radithor ’, which was marketed in the United States, was a mixture 
of radium and mesothorium (GETTLER and Norris!? Similarly, 
radioactive luminous paint as used in the United States seems originally 
to have been composed of zinc sulphide with traces of radium, but 
because of shortages and possibly other factors the radium was sub- 
sequently substituted partially or wholly with commercial mesothorium. 
CasTLe, DRINKER and DRINKER?® certainly described the radioactive 
material as radium bromide, but HorrmMan!‘, reporting at the same 
time, talks of ‘ radium (mesothorium) necrosis’. These were the two 
earliest papers on the poisoning of dial painters. MARTLAND, CONLON 
and KneF!® shortly afterwards described the paint as radium-meso- 
thorium paint, usually in the proportion of 20 : 80 and MarrLanp!® 
makes it clear that the cases reported by Castle et alii were included in 
the larger survey of Hoffman. If one accepts that all these early 
cases of industrial poisoning by luminous compounds were due to a 
radium-mesothorium mixture, one has to conjecture whether the 
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radium or the mesothorium was the more hazardous. BLOOMFIELD 
and Know es!’, writing in 1933, note that the mesothorium was 
not used in paint after 1930. Unless the commercial practice has 
changed since then, which is extremely likely, one may assume 
that industrial poisoning in dial painters commencing employment 
after 1930 is due to radium proper. It should be noted that 
radium and mesothorium are isotopes and so initially should be 
deposited in the body in the same fashion. Radium??® is a decay 
product of U** with a half life of 1,600 years and emits an a-particle. 
Mesothorium I 228 is a decay product of thorium 232 with a half life 
of 6-7 years and emits a f-particle. The subsequent decay products 
are shown in Figure 2. It will be noted that radium decays first to the 
gas radon. This gas being readily soluble in body fluids can more or 
less easily diffuse to the circulating blood and so has a high probability 
of being excreted in the expired air. The body is then spared the 
energy of the subsequent decay products. Evans!® gives a mean 
figure of 45 per cent of the radon that is produced as being so excreted. 
Hess and McNirr!® found a higher mean of 68 per cent and a greater 
scatter. Mesothorium I, on the other hand, decays to mesothorium II 
with a half life of 6-13 hours. ‘This decays by f-particle emission to 
radiothorium, an isotope of thorium with a half life of 1-9 years. 
Radiothorium decays by a-particle emission to thorium X, another 


radium isotope, and this in turn decays to 54-second thoron, the 


flal cee « V ry much 


isotope of radon. Because of its very short 


smaller proportion of thoron must be expired than is the case with 


radon, perhaps only a few per cent. Thus the maximal energy of 


decay per atom of radium in the body may be cal l 8 (the 
energy of the radium a-particle = X (24° 


L100 


the a- and §f-particles of the decay products 
assumes that none of the decay products of radon is excreted. 
. 


) 
the energy of the decay process, namely 33:3 Mev, was absorbed in 


mesothorium one would need to assume that practically tl 
the body. In both, of course, redistribution of the radioactive material 
may take place in the body because of the change of the atomic 
number. It would not be expected that a transmuted element would 
take the place of its parent element in the bone lattice. In the radium 
series the half lives of the decay products, radium A, radium B, 
radium C, radium C’ and radium C” are of the order of minutes only 
or less. Radium D, an isotope of lead, however, has a long half life 
and so has radium F, polonium. Mrnor?*, LomHoir?! and BEHRENS”? 
were early workers who had shown lead to be selectively taken up 
by bone. LacassAGNE and Larres?’, however, have shown that 
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polonium has no special affinity for bone and Lomholt reported similar 
findings for bismuth of which the isotope RaE has a half life of 5 days. 
Short term retention of radium in the body— The radium burden of the 
body is calculated from two measurements 
1 the gamma radiation from the body due to radium B and C, and 
2 the analysis of radon in the breath. 
The latter is obviously a measure of the radon loss from the body ; 


the former is a measure of the radon which does not escape but decays 


in the body. 
The methods of Evans!8 for the measurement of the y-ray emission 


allow one to measure down to o:2ug¢ of radium in the body. Hess 


and McNirr!® have claimed to have pushed the sensitivity to the 
uttermost limit to determine o-1yg in the body. This y-ray measure- 


ment does not discriminate between deposited radium and mesothorium. 


Analysis of the breath does permit this discrimination because of the 


difference in half lives of the two isotopes, radon and thoron, and in 
the case of dial painters both have frequently been found together 
(Ives et alti?>), 

Let us consider first of all what data are available on the cases who 
are known to have received radium. CAMERON and VroL*® in the 
early optimistic days of internal therapy with radium state ‘ even with 
the use of 1 mg doses we have, up to this time, never seen the slightest 
ill effect’. They note, however, that much of the radium given was 
retained in the body and quote figures of retention in various organs 
sampled at autopsy of a case of carcinoma of the uterus who had 
received 1 mg intravenously three months earlier. Bone marrow, liver 
and lungs were the organs which showed the greatest concentration 
per gram dry weight. Soon afterwards Sem, Vio. and GorpDon®’, 
did daily estimations of the radium excreted by a young man who had 
received 100g intravenously. The rate of excretion fell from about 
20 per cent per day to less than 1 per cent per day after one week. 
The excretion was noted to be mainly in the faeces and one half of 
the dose given had been eliminated at the end of the first week.  Seil 
himself volunteered to take by mouth 50ug. ‘The first experiment was 
spoilt by one of those unfortunate errors that results in faeces being 
thrown away, so he took another 50ug. After a week about 15 per cent 
of the ingested radium was still unexcreted and probably retained, as 
only small amounts were being discharged in the faeces at the time. 
We thus have a suggestive picture of strong retention by the body, 
50 per cent and 15 per cent respectively after intravenous and oral 
administration. ‘These figures are dependent on the stated doses 
having actually been given. In this connexion one must jump forward 
considerably to 1944 when Evans and co-workers!” carried out a 
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careful experiment with animals. They found that the doses actually 
administered were substantially lower than the projected because the 
radium tended to remain adsorbed on the walls of the ampoules and 
syringes, even in the presence of carrier. ‘This type of radium 
dosimetry is thus very uncertain and the dose stated on the bottle is 
not by any means the dose given. ‘The error of the dosage in Seil’s 
experiments, if present, would show a greater retention than actually 
existed. SCHLUNDT and FaILLaA*’ repeated Seil’s volunteer act. 
Presumably, therefore, Seil had not in the 16 years’ interval come to 
great harm. Schlundt, however, was more cautious : he drank water 
known to contain 2 to 5ug of radium and eliminated g1 per cent in 
4 days. He repeated the performance two weeks later and 98 per 
cent was excreted in 5 days. ‘This almost complete elimination, 
g1 and 98 per cent respectively, is impressive, but the figures of the 
amount taken, namely 2 to 5ug, are rather vague. However, this is 
probably loose reporting rather than loose measurement ! 

Long term retention of radium in the body— On a longer term basis what 
proportion of the radium originally taken remains permanently fixed, 
and when it is permanently fixed, at what rate is it eliminated ? 
ScHLUNDT and FaILLa**’ give some data on the latter point. True, 
their two reported cases were radium dial painters, but for one it is 
specifically stated that only radium and not mesothorium was involved. 
The woman had a measured body content of 244g of radium and a 
daily elimination of 1,600uug, which gives a daily coefficient of 
elimination of 0-005 per cent. Most later authors agree on the order 
of this coefficient. 

On the former point of the long term retention of radium, Evans 
et alu'® make a note that in people taking a radium nostrum, 0-1 to 10 
per cent of the amount ingested is fixed permanently in the body. They 
promise further details by AuB and Evans, but so far they do not 
appear to have been published. Obviously such fundamentally 


important studies on man are urgently required. Some data are also 
available from BARKER and ScuL_uNptT?®. They collected ten cases 


who had in the past been treated with radium chloride. The total 
doses given and the time which had elapsed since the last dose varied 
widely. One man, for instance, had taken 1,455ug orally over two 
and a quarter years and yet one month after the last dose only retained 
about 4 to 8ug. Two cases on the other hand, who had received 200 
and 300ug approximately up till two years previously, showed no 
measurable retention, while two cases, who had received goo and 
1,100ug intravenously up till twelve months or so previously, still 
retained a minimum of 19 and 1oyg respectively. Retention is thus 
rather varied, but allowing for the errors of dosage mentioned and 
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the relative insensitivity compared with later methods of the measure- 
ments of retained radium, it is obvious that radium can be extensively 
eliminated. This is confirmed by a further investigation by SCHLUNDT, 
NeRANCYy and Morris*®, They treated mentally deranged patients 
with periodic intravenous injections of rong doses of radium for 
2 to 6 months, giving total doses of 70 to 450ug. Estimations of radium 
contents of their bodies were made at the end of the course and six 
months later. An average of 4-3 per cent of the projected dose was 
measured as retained at the end of the course and 1-9 per cent six 
months later. These results are in the expected range, between those 
of Seil et alii for the early days after a single administration and those of 
Schlundt and Failla with long-standing radium retention. ‘The 
qualitative picture emerges that much of the radium is immediately 
excreted. Only a small proportion, or in fortunate cases negligible 
quantities, are firmly retained with an extremely slow turnover. 
Mechanism of retention of radium in the body— ‘The behaviour of radium 
is probably due to its location within the body. Radium is first, as 
we have seen from CAMERON and VIOL*®, distributed not only in bone 
but fairly widely in the soft tissues, especially the liver and lung. At 
this stage the radon emanation appears to be able to get fairly readily 


into the blood stream. ScHLuNDT et alii®° were impressed that at the 
time of their first measurement at the completion of the course of 


radium only one seventh of the radon and its decay products was 


held in the body. This is to be compared with the average of 


55 per cent retention quoted by Evans}§ in cases of chronic radium 
retention (presumably largely dial painters) and the approximately 
50 per cent retention reported by Ives e¢ a/iz*° in dial painters, and of 
, 


BARKER and ScHLUNDT?*! 
though in the early stages the bulk of the radium is already located 


in radium treated patients. ‘Thus even 


in bone it must be in bone well supplied by the circulating blood, 
that is the trabecular bone. Later, it becomes increasingly buried in 
ivory bone or in bone inaccessible to the circulation. 


ELIMINATION OF RADIUM 


Granted that radium is ultimately mainly deposited in the bone, 
99 per cent or so, as one would expect from its position in the periodic 
table and relationship to calcium, is it possible to speed the natural 
elimination ? FLINN and Serpin*!, impressed with recently discovered 
properties of parathyroid hormone, gave to three cases of chronic 
‘radium poisoning’, with jaw lesions, a month’s course of parathormone 
in doses up to 40 units on alternative days. After two courses, they 
claimed a reduction of the radium content of three dial painters to 
50 per cent. Later FLinn*? reported equally striking results from the 
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administration of viosterol (vitamin D2). Both these publications, as 
preliminary communications, give only scanty details of the cases. 
As no later detailed reports have been traced from these authors, 
their results must be regarded as suggestive only. CRAvER and 
SCHLUNDT?3, moreover, could not confirm the results. Aus and Evans 
and their colleagues** give a most convincing story, though on three 
cases only, but the calcium and radium balances were obviously carried 
out in an expert fashion. In two of these three cases with a long- 
standing radium burden, only one being a dial painter, low calcium 
diets, alone and with supplemental thyroid, ammonium chloride and 
parathormone treatment, did increase the excretion of radium several- 
fold, but did little to reduce the absolute total radium in the body. 
The doses of parathormone used were vastly greater than those of 
Flinn and Seidlin. Irradiated ergosterol produced no increase in the 
elimination of radium. In the third case who had recently acquired 
his radium, the dietary and therapeutic regimen seemed to have a 
beneficial effect on the excretion, possibly because of the relative 
accessibility of the radium. 

There is an interesting calculation in this paper**. For one of the 
cases of chronic radium retention there were figures for the concen- 
tration of radium in the blood and for the daily output of radium in 
the urine. From these figures one can calculate that the plasma 
clearance is of the order of 0-1 ml per minute, and that only o-o1 per 
cent of the circulating radium is cleared by the kidney each day. 
This must mean that radium is either strongly reabsorbed by the 
tubules from the glomerular filtrate, or, alternatively, that it is bound 
in the plasma and is not filtered off by the glomeruli. The hypothesis 
of a binding of the radium in the plasma is the more attractive one, 
as it might account also for the failure of the gut to excrete the radium. 
These figures throw a somewhat new light on the problem of the 
decontamination of the body. ‘There is not only a difficulty in 
mobilizing the radium from the bone, but a still greater difficulty in 
excreting it when it is mobilized. As this difficulty is not nearly so 
pronounced in the acute stage of radium intoxication, it certainly 
seems that in the chronic state the radium is in some bound 
form. 

The conception of a recycling of the radium fits in with certain 
known facts on the unevenness of distribution of radium as observed 
autoradiographically (MARTLAND!® and Evans et alii'°). Part of the 
non-uniformity may well have been due to the fact that the radium 


originally deposited in areas where calcification was exceptionally 
active remained there. But Evans ef alti have noted that when 
fractures occurred long after the radium had been fixed, radium 
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concentrated at the site of healing. The radium must thus have been 
available in the fixed deposits, even though it was not being excreted. 


EFFECTS OF RETENTION OF RADIUM 

Having discussed the absorption, retention and excretion of radium 
from the body, let us consider the results of radium retention. As far 
as possible, the author has attempted so far to keep to a discussion of 
radium alone and not of radium-mesothorium mixtures of luminous 
paint. At this point one must revert to the luminisers and the physicists 
and chemists who have been exposed to mixed sources and who have 
subsequently developed clinical abnormalities. The clinical cases 
described in the literature where one can be certain that radium only 
has been administered are too few, but it seems clear that these cases 
do not differ qualitatively from the far larger group of luminisers. 

The first report of intoxication amongst luminisers appears to have 
been noted by a dentist, BLum®», calling attention, during a discussion 
on osteomyelitis of the mandible and maxilla, to the condition of 
‘radium jaw’. Bone necrosis of the jaw with infected sinuses has 
been extensively described subsequently. While the jaws are the bones 
most noticeably affected, other bones show clinical and radiological 
abnormalities. The flat bones of the skull and shoulder girdle and 
the spine and weight-bearing bones seem particularly to be involved. 
The skiagrams show areas both of abnormal translucency and abnormal 
density. In experimental animals to whom radium has_ been 
administered, all the long bones showed areas of increased density 
adjacent to the joints with thinning and loss of density of the shafts 
of the bones (THomas and Bruner*® ; Evans et alii!®). Spontaneous 
fractures, both in the experimental animals and in the luminisers, have 
been common. Histologically, bone necrosis is seen, that is loss of 
osteoblasts from the bone lacunae. Osteoclasts are also destroyed so 
the necrotic bone sometimes remains unabsorbed. DuN.Lap et alii? 
noted the deposition of fibrillary bone on the surfaces of the unabsorbed 
necrotic bone. 

This so-called osteitis or bone necrosis seems to occur in those more 
acute types of radium poisoning. Coincidentally or even in advance 
of bone symptoms there is an anaemia. MARTLAND, CONLON and 
KneF!* noted it in Juminisers and Retrrer and MARTLAND® in a 
radio-chemist. While the peripheral blood suggested an aplastic 
anaemia such as had been observed by Morrram*® and WEIL and 
LacassAGNE*® the marrow was in fact hyperplastic. The photographs 
and photomicrographs of MARTLAND!® are incontestable. In experi- 
mental animals, both aplasia and hyperplasia of the marrow have 
been found, sometimes both together (THomas and BRuNER**), aplasia 
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in the ribs, vertebrae efc, and hyperplasia in the shafts of the long bones. 

In the more chronic type of case, there is the added complication 
of osteosarcoma. ‘This was first described by MArTLAND and 
Humpuries!!?, In this and others of Martland’s cases, chemical 
analysis demonstrated that most of the deposited radioactive material 
was mesothorium. A later review by MARTLAND?” revealed more 
cases of osteosarcoma, but tn these only radium and not mesothorium 
was detected. Osteosarcoma has been produced in rats by Evans 


et altt!® and reported in more detail by Dunvap et alii?’. This was an 


experiment with radium. Sapsin, Doan and ForkKNeER** had earlier 


produced experimental osteosarcoma, not only with radium but also 
with mesothorium. They suggest that mesothorium was somewhat 
the more active, but it is not clear whether purified mesothorium or 
commercial mesothorium containing radium was used. 
To sum up we have the following information 
a There 1s no collected series of cases where one can be sure that 
the ill effects in all are due to radium alone and not to some 
other radioactive compound. 
Even if one neglects the luminisers, one cannot be certain in the 
human cases or in experimental animals precisely what doses of 
radium have actually been given. 
One may accept as an approximation that of radium taken into 
the body about 1 per cent is retained in the bones. 
This radium in bone is fixed and excretion of 50 per cent from the 
body takes about 40 years. 
The radium though fixed in the bone may be more mobile than 
is generally accepted. 
The complicated decay system renders the understanding cf 


radium metabolism difficult and militates against precise 


calculation. 
Experimental animals appear to be much less sensitive to radium 
than man. 

The following doses were given in various experimental series : 
SABIN, DoAN and ForKNER*® : approximately monthly intravenous 
injections of 5ug of RaCl, into rabbits. The animals received, 

therefore, about 70ug before death occurred after about 14 years. 

One animal had a sarcoma. 

THomas and BruNerR*® : subcutaneous injections of 54g of RaCl* 

at irregular intervals to rats with a total dose of 40 to 60ug in 

117 to 191 days. Deaths occurred at 261 to 338 days. 

ROsENTHAL and Grace*? : for 3 months daily oral RaSO, suspen- 

sion given to rabbits : a total of approximately 1ooug. Deaths 


occurred within 3 to 18 months. 
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Of these Thomas and Bruner were the only ones who make any 
mention of the retention of the radium given. 15 to 30 per cent was 
measured as retained g to 69 days after the completion of the course. 

Evans, Harris and BuNKER!® and Dunvap et alt? executed more 
exact experiments and in the latter publication, when the object of the 
experiment was induction of sarcoma with small doses, they record 


that rats fed 1ooug of RaCl, retained an average of 2ug at the end 
of 10 months. Nine of their 


Table II. Toxic Concentrations of Radium 13 animals developed 


T | ~————~_ malignant neoplasms. Thus 
tuth Possible Ra | Possible conc. of while none of the experi- 
Authors content of 


animal (ju 





ments has been planned 





; — to reduce the dose to a 
SABIN éf alu | is 2 , P 

Tuomas and BRUNER ~1o-! tolerable amount Table IT 
ROSENTHAL and GRACE | I vives derived concentrations 
Dun.apP et alti | 2 ‘ 

which have been shown to 


Ee a : . 
be toxic for experimental 


animals. It is notable that these concentrations are far higher than 
those which have produced damage in man. 

Evans et alii!° from the results of their investigations put the rat/man 
sensitivity ratio for radium as 1/150. They also note that the rat 
expires an average of 85 per cent of its radon compared with the 
45 per cent average in man. 

It is notable that with this guesswork the activity per gram of bone 
is by far the lowest in the experiments of Rosenthal and Grace. These 
workers administered RaSO,, a substance many times more insoluble 
than BaSQ,. It is surprising, therefore, that the rabbits absorbed any 
at all. The symptoms suggest an acute intoxication. It may be that 
as much as 10 or 20 times the suggested amount was in fact absorbed. 
The whole is a dramatic manifestation of the potency of radioactivity. 
Whereas barium, a notoriously toxic metallic radical, exerts no action 
even when enormous doses of BaSO, are given by mouth, radium as 
RaSQ, was rapid in producing its ill effect. 

In spite of these disadvantages radium will still remain one of the 
radio-isotopes of choice for animal experimental investigation. The 
y-rays emitted by its decay products allow some assessment of the 
location of the radium to be made externally. The fact that it decays 
primarily to radon, much of which is expired, allows one to measure 
small quantities held by the body. 

Above all for the present purpose, of the naturally occurring radio- 
active substances, infinitely more is known about its radiotoxic action 
in man than that of the others. Uranium is known to be chemically 
toxic but there are no reports of damage from its radioactive properties. 
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There is one case report by MacMauon, Murpny and Bartes*® of a 
sarcoma produced by thorium and several papers on the production 
of neoplasms in experimental animals (Roussey and Guerin*® and 


SELBIE?4? 


RADIUM COMPARED WITH FISSION PRODUCTS 
For radioactive fission products that might be expected to metabolise 
in a fashion similar to radium e.g. Sr’%, Sr®°, Ba!#9°, one can make 
more or less direct comparisons with radium. If the permissible 


amount of radium in the human skeleton is 10~! yg, this is equivalent 


to approximately 10~° uwc/gm. The energy absorption per gram of 


bone is thus 5 x 1071! c Mev if one considers only the energy of the 
disintegration of the radium atom or 15 xX 10~!!c Mev if one includes 
a proportion of the energy of the disintegration of the decay products. 
In comparing other radioactive substances with radium it is wise only 
to make assumptions that are pessimistic and for this calculation one 
will neglect both the possible contribution of the decay products of 
radium and the relative biological efficiency of the a-particles com- 
pared with f-rays. ‘Thus let us say the maximal permissible amount 
of energy to be released per gram of bone is 5 x 1071! c Mev. 
When we come to Sr’® which has an average energy of 0-5 Mev for 
its B-particles, 5 x 1071! c Mev is released per gram by 10~* pe and 
in a 10 kgm skeleton this would represent a total burden in the 
skeleton of 1 wc. It is notable that, in spite of the pessimistic assump- 
tions this calculated Ra/Sr activity ratio of 1/10 for equal effects, is the 
same as that found experimentally by Bruges, Lisco and FINKEL*® in 
mice. For Sr® and Ba!?® the calculation is complicated by the fact 
that, unlike Sr§® which decays to a stable atom, these isotopes have 
daughter products Y®, La!4° which are radioactive. Once again to 
be pessimistic one must assume the worst, and here this means 
including the energy of the disintegration of the daughter substance 
with that of the parent. Thus one would take the average energy of 
Sr® and Y*® to be 4 (0-6 + 2°3 1 Mev and that of Ba!*#® and 
La!* to be o-g Mev. The calculated permissible burdens of either 
of these fission products would thus be about one half that of Sr®%. 
There is no published experimental work as with Sr’® to show how 
valid are these calculations for Sr® or Ba!*®, 

Whereas Ba and Sr will be expected to be deposited diffusely in 
bone like radium and calcium, there are other fission products which, 
though they deposit in bone, do so not uniformly as do radium and 
strontium but in concentrated form on the periosteal and endosteal 
surfaces. No quantitative assessment has yet been made of the mass 
of volume of bone in which these materials are laid down. By 
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inspection of autoradiograph patterns of the deposition one may 
assess this volume pessimistically at 1/10 of the whole skeleton or 
1 kg instead of 10 kg. Hamitron® has shown that yttrium and cerium 
deposit in this way. Taking, therefore, the tolerable concentration of 
Y*! (B-ravs, average energy 0-5 Mev) in bone equal to that for 
radium i.e. giving 5 < 107° we Mev/gm, this activity is 10-4 wc/gm 
or 1/10 ne per effective skeleton of 1 kg. The uncertainty of this 
assessment lies not only in the factor for unevenness of distribution, 
but more particularly in the metabolic fate of the yttrium. Radium, 
we have seen, though fixed seems capable of movement from one area 
of bone to another. Yttrium like plutonium is according to Hamilton 
associated with the protein matrix of the bone and may be truly fixed 
in position. ‘This may be a safety factor. As Copp et alii#® have 
pointed out radioactive material originally deposited subendosteally 
becomes buried by further laying down of bone. Thus the very 
sensitive bone marrow cells are increasingly screened. On the other 
hand individual osteoblasts are presumably involved by this activity 
for the duration of their life and may be stimulated to undergo neo- 
plastic change. 

Finally there are fission products which do not localize in bone e.g. 
Xe!33, Cs!87, Ru! and Rul, There is little justification for com- 
paring these with radium. ‘The permissible concentrations of these 
substances are, therefore, best calculated from the amount of energy 
they contribute to the body as a whole referred to the so-called 
maximal permissible dose of o-5r per week for irradiation of the 
whole body. 

SUMMARY 
The maximal permissible or tolerable amount of any radioactive 
isotope within the body can be calculated roughly. 

The basis for the calculation may be either the tolerance dose of 


external x- or y-radiation or the tolerable burden of radium. It is 


suggested that the latter has some advantages. The literature on 
radium metabolism and intoxication is therefore once again reviewed. 
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MECHANICAL PROPERTIES OF FIBRES 
AND MUSCLES 


M. G. M. Pryor 


rHERMODYNAMICS OF ELASTIC STRAINS 

A MUSCLE is an engine for the conversion of chemical energy into 
mechanical work, operating by means of reversible strains in the 
working substance, the muscle proteins. ‘This kind of power cycle has 
not been much investigated, and before considering muscle in par- 
ticular, the general principles involved will be discussed at some 
length with the object of discovering how many different kinds of 
cycle are possible and how they may be distinguished. 

If a body is subjected to a small elastic strain at constant temperature, 
the work done upon it, dl’, may be analysed into two components ; 
that associated with changes in internal (potential) energy, dU’, and 
that associated with changes in heat content, dQ. Then 


dW = dU + dQ aa” 


where dQ is the amount of heat given up by the body to its surroundings. 
If the change in heat content is very small, it is clear that most of the 
work done is stored as potential energy ; the restoring force must 
therefore be due mainly to attractive forces between the atoms. If 


there are large heat changes associated with strain 7.e. if dQ is large, 


the part played by potential energy is correspondingly reduced ; it 
follows that the restoring force must be largely derived from the 
thermal (kinetic) energy of the atoms. If strained at constant 
temperature, a body of this kind can only store energy as a decrease 


in entropy. 

Characteristics of normal and rubbery solids— Using this criterion, it is 
possible to classify all solids into two kinds according to their behaviour 
under reversible strains ; those in which the temperature is very little 
affected by rapid deformations, and those in which it is considerably 
increased. The first class, which will be called normal, includes metals 
and most other solids. ‘Typical examples have a small reversible 
extensibility of the order of 0-01 per cent and a high Young’s modulus 
of the order of 10!? dynes/sq cm. The second class, which will be called 
rubbery solids, includes rubber and some other high polymers. They 
usually have a large reversible extensibility of the order of 100 per cent, 


and a low Young’s modulus of the order of 107 dynes/sq cm. 
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Special thermodynamics of rubbery elasticity— The first exact treatment 
of the thermodynamics of rubbery elasticity is due to WieGANp and 
SNYDER}, since when the subject has been much developed by MEYER 
and his school (see reviews by MEYER?, and Woutiscu’). From the 
first and second laws, an expression is derived which makes it possible 
to deduce the changes in internal energy that occur when a rubbery 
material is stretched from observations of the thermal coefficient of 
tension at constant length. For small isothermal strains in an ideal 
rubber 

k= QU/N)7 + TAPT), ange 
where A is the applied load, / the length and 7 the absolute tem- 
perature. Within a small range of temperature A can be expressed 
as a linear function of 7 i.e. the curve can be replaced by its tangent 
K=a+0T 5 alae 

where a = (0U/d/)7 and b IA/IT)). 

The value of (04/37), is determined by measuring at various 
temperatures the tension in a sample held at a fixed length ; time 
must be allowed for the tension to reach a steady value, and an 
allowance has to be made for normal isotropic thermal expansion. 
When (4/7), is known, the value of (dU//d/); is obtained from 
equation 3. If within a given range A varies in proportion to the 
absolute temperature, then A = 67, and a = (dU/d/)7 = 0; there is 
no change in internal energy on straining, and all the work done on 
the body is transformed into heat. If A > 47, (2U/9/)7 is positive; 
there is an increase in internal energy on straining, and the heat 
liberated is less than the work done. Finally when A < 67, so that 
dU//d/) 7 is negative, there is a decrease in internal energy on straining, 
and the heat liberated is greater than the work done. This rather 
paradoxical condition is found in raw or lightly vulcanized rubber. 
The internal energy decreases because the molecules pack closer 
together when they are aligned parallel by the applied stress ; the 
extra heat liberated is therefore analogous to the latent heat of 
crystallization of a normal solid. This interpretation is confirmed by 
observations of the x-ray diffraction pattern, which shows a progressive 


change from an amorphous to a typical fibre diagram as the material 


is extended. 

Calculations of entropy— All rubbery solids consist of long flexible 
chain molecules, and many attempts have been made to find an exact 
relation between elastic properties and molecular weight by calculating 
the entropy associated with different configurations of the chains. ‘To 
make the calculation easier, it is assumed that the material consists 
of a loose three dimensional network of chain molecules. The chains 
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are supposed to be flexible, as a consequence of free rotation between 
atoms, and it is also assumed that they do not attract one another or 
interfere with each other’s motion. For such an ideal rubber it is 
possible to calculate the probability that the two ends of a chain 
containing anv given number of links will be separated by any given 
distance. If we take the ends of the chain to represent points of 
intersection in the network, then there will be a linear relation between 
the distance separating the ends of a chain and the dimensions of the 
material in bulk. Hence it is possible to obtain a relation between 
the strain in the material and the probability of the configuration of 
the chains associated with such a strain. The probability is related to 
the entropy by Boltzmann’s constant, and thus the entropy associated 
with a given strain can be found ; from this the change in entropy, 
and hence the work, required to pass from one state to another can be 
calculated. If changes in cross-sectional area associated with longi- 
tudinal strain are neglected, the modulus of elasticity can be calculated 
in terms of the molecular weight, the absolute temperature, and 
various constants characteristic of the material. The results of several 
such calculations agree approximately with experiment, although they 
differ from one another ; a review is given by MryER and VAN DER 
Wyk‘. 

Calculations of entropy are not very useful in considering the 
mechanism of muscular contraction because they can give no in- 
formation about the intermediate states, in which we are mainly 
interested. Without some mental picture of the molecular mechanism 
concerned it is very difficult to imagine the working of a power cycle 
based on rubbery strains or to predict the effects of departures from 
ideal conditions such as the existence of strong intermolecular 
attractions. 

Statistical-mechanical treatment—A useful picture of the molecular 
mechanism responsible for the restoring force in strained rubber can 
be built up by statistical arguments, starting from a consideration of 
the forces acting on a single chain. If we consider an ideal flexible 
chain molecule subject to random impacts from all directions, it 
appears that all parts of the chain remote from the ends will be under 
tension. In a simple system such as rubber the kinetic energy of the 
chains is derived mainly from the impacts of neighbouring chains ; in 
a strongly solvated system the impacts of solvent molecules may also 
be an important source of energy. The maximum load in any segment 
of chain will depend on the number of contiguous atoms which move 
in the same direction at any one time ; if we assume that the proba- 
bility of two adjacent atoms moving in the same direction is small, 
then the probability of any considerable number moving in the same 
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direction is very small indeed. From this it follows that the maximum 
tension will be reached for a comparatively short chain and will not 
be affected by increases in length above this limit. In a large popu- 
lation, we may consider every chain as subjected to a mean tension f. 
The value of f is not substantially affected by the position or con- 
figuration of the chain, and is no greater when the ends are far apart 
than when they are close together, a necessary condition if the internal 
energy is to remain unaffected by strain in the material. Miller® has 
published a similar statistical treatment, but makes the assumption 
that tension in the chains depends on their configuration, which is 
incompatible with the conditions for an ideal rubber. 

If a chain makes an angle @ with the normal to any plane passing 
through the material it will contribute at that plane a resultant 
tension 7 in the direction of the normal equal to f cos @. 

When the material is not strained, we may suppose that this tension 
is balanced by an equal and opposite bombardment pressure exerted 
on any surface in contact with the material ; if the chains are 
sufficiently mobile to exert a tension in the direction of their axes, 
they must be capable of delivering impacts in directions at right 
angles. If the mean pressure exerted by a chain is q, the resultant 
pressure / in the direction normal to the plane will be equal to q sin 8. 

Angular distribution of links—'To extend this treatment to a large 
ageregate of chains we must consider their angular distribution. To 


represent the orientation of a link on a polar diagram two properties 
must be known, direction and sense. Direction defines the angular 
coordinates of a link without making any distinction between an 
angle of 6 and one of @ + 180° ; sense distinguishes between these two 
alternatives. Sense can only be defined by an arbitrary convention. 
In the following discussion it will be represented as measured from the 
lower end of any chain toward the upper end; values of @ are 


measured clockwise, starting from the top. 

In the unstrained material there will be an equal number of Jinks 
lying in every direction. When the material is strained by a force 
acting in the direction @ o, the angular distribution will be 
distorted but will remain radially symmetrical about 6 =o. If the 
chains continue in the strained condition to change direction under 
the influence of random impacts, but are connected to each other at 
widely separated points, the angular distribution of their links at any 
moment will exhibit a random scatter about the preferred direction, 
and may be represented by the normal statistical relation, the standard 
deviation decreasing as the material is extended. 

The angular distribution is conveniently represented by a three 
dimensional polar diagram, in which the length of the radius r is 
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proportional to the number of links lying in that direction. For a 
random distribution 
exp (— 07/20?) ee 
\/ 27. o 
where o is the standard deviation. Instead of the Gaussian formula 
it is more convenient to use the relation 
] , 
cos® (6/b) we 
V 2a .0°365 
where #/ is a constant whose value decreases with increasing strain. If 
r is plotted against @ this gives a curve sufficiently similar for our 
purposes to the normal curve, with a point of inflection corresponding 
to the standard deviation at 6 = 0-36). If the material is compressed, 
instead of being extended, in the direction @ = 0, or if it is subjected 
to a uniform dilation in the plane at right angles to @ = 0, as in the 
skin of an inflated spherical balloon, the distribution of the chains will 
be normal about a plane at right angles to @ o. This distribution 
can conveniently be represented by substituting sin® (@/b) for cos® (6/d) 
in expression 5 above. 
The shape of the curves obtained by plotting 7 against @ for different 
values of o are shown in 
Ficure 1. When a is large the 
curve goes more than once 
round the origin. Values of @ 
greater than 7/2 can be inter- 
preted by considering the 
configuration of individual 
chains. When oa is less than 
0°36 radians t.e. when the 
curve reaches the centre at a 
value of @ < z/2, no part of 
any chain is recurrent ; when 
o is less than 0-72 (6 <2) there 
may be recurrent portions, but 
no loops, and when ais greater 
than 1°44 (6 > 4) loops may 
be present. The chains are only 
Figure 1. Angular distribution curves : normal statistical ‘ apable of a certain minimum 


distribution curves (equation 4) plotted on polar radius of curvature, so that the 


coordinates for different values of standard deviation o. oe . . 
greatest number of successive 


x 
‘sine polar coordinate y co " } he : 
Using polar coordinates d@ ts constant, so that t loops that can occur in any 


“0 
area enclosed becomes smaller as the value of o increases. chain 2.e. the maximum pos- 


To show their shape more clearly, the curves for higher i : Mar et 
values of @ have been plotted on a larger scale sible value of a, 1S limited by 
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the chain length. As the direction only, and not the sense, is important 
in calculating the load contributed by any chain, the sign of cos 0 
in the equation 7 = f cos @ may be neglected. 

The curve obtained by plotting r against @ represents a section 
through the axis of the three dimensional distribution figure ; if the 
radii are evenly spaced, the number generated by rotating any radius 
about the axis 6 = o must be proportional to the circumference of the 
figure at the level at which the radius in question cuts it i.e. to 27 
(r sin 6). Hence the total number of links making an angle @ with 
the direction of tension is proportional to 

n = r(rsin @) ver 

The chance of any link cutting a plane whose normal is @ =o 
depends on the length of its projection in the direction @ = 0, hence 
the number cutting such a plane is proportional to n cos @. 

Relation of load to randomness— Combining these expressions we can 
now obtain an expression for the total tension acting in the direction 
6=o. Where + is less than unity (o < 0-36 radians), the total 


tension is proportional to 


r2 cos? @ sin 6d6 


By a similar argument, the pressure P is proportional to 


P=g9 | r2 cos 6 sin? 6d6 
( 


) 


The net tensile force is 
A=K—FP ec 
When 3 is less than unity the length of a chain is equal to the sum of 
the projected lengths of all its links 2.e. to 


L=T [» cos 6 sin 6d@ ree 


where / is the length of a link (see Figure 2). 


If we assume a limited num- 
. K (Equation 9) ] | } 


ber of chains of fixed length 
we can neglect changes in |S ST 2 (Equation 7) 7 - 
. — P (Equation 8) —+ 


cross-sectional area provided me Bie S—1_| csequetion 1} 
ry es | = 
| | 


that 4 is less than unity. If it 
1 4 


° ° i tt i 
1S required to express the ten- 0 O-4 O08 /2 16 20 o4 
Value of o (Radians) 


sion as a stress, the breadth | ; so 
Figure 2. Values of 2, P, L and K from equations 7 
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When b is greater than unity, and some of the chains are folded 
back on themselves or looped, the number of links crossing any plane 
is increased because some chains cross more than once. For any 
given value of b the length will be less and the cross-sectional area 
greater than that calculated from equations to and 11. +The tension 
Kk will be increased by a factor proportional to the increase in cross 
section ; this factor cannot easily be calculated from the distribution 
curve. 

The information available from equations 


8 to 11 can be sum- 
marized graphically by plotting A against L, taking arbitrary values 
of f and g such that A tends to zero as o increases. The curve shows 
that dA/dL increases at high strains, as found in experiments on 
rubber (Figure 3). The value of o gives a measure of the randomness 
of the chains. The variation of A or L with a is interesting because of 
the importance which has been given to the idea of a tendency to 


assume a more random dis- 


| tribution in calculations based 
on consideration of entropy 
states. At low values of o, kh 
decreases rapidly as o increases, 
but at values of ao in the neigh- 
bourhood of 1 radian (4 


1/0°36) the curve flattens out, 











and for high values of o the 
value of A is practically con- 
stant (Figure 2). A value of o 
little greater than 1 radian 
( orresponds to almost complete 
randomness of angular distribution if sense is neglected ; very much 
larger values are necessary to bring about randomness of both sense and 
direction. A perfectly random arrangement of chains according to both 
sense and direction (¢ = %) could in fact only be attained for infi- 
nitely long chains. 

Modulus of elasticity and chain length— All calculations based on 
statistical estumation of entropy lead to expressions in which Young’s 
modulus appears as a function of chain length. Meryer and van 
DER Wyk? have objected to this as being contrary to common ex- 
perience, and have produced figures to show that for many materials 
there is no simple relation between molecular weight and _ elastic 
properties. ‘This may be true, and still not prove that the calculations 
are unsound in principle. Many of their examples are materials 
which at room temperature show properties intermediate between 


normal and rubbery solids (see 225), so that their elastic moduli 
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as measured at any appreciable rate of strain contain a component 
due to internal energy changes, and will not correspond to the 
calculated values, which refer only to the rubbery component. Leaving 
this difficulty out of account, and confining our attention to the rubbery 
component of the observed tensions, the statistical-mechanical approach 
suggests that although the extent of the greatest reversible strain is a 
function of chain length, the tension exerted at the maximum extension 
is not, so that both do/dL and dk/dL increase with decreasing chain 
length. Stated in this form the dependence of elastic modulus on 
chain length seems less objectionable. ‘The way in which the elastic 
properties of rubber vary with the degree of vulcanization agrees with 
this interpretation. In this instance the effective chain length is the 
mean distance between cross links ; as the chain length is decreased 
by increasing the proportion of cross links, extensibility is diminished 
and the value of dA/dL (Young’s modulus) increased. At a sulphur 
content of 1 per cent, Young’s modulus is about 14 x 10° dynes/sq cm 
reversible extensibility of up to six times) ; at 40 per cent sulphur 
content Young’s modulus increases to about 5 x 10! dynes/sq cm 
and the maximum reversible extensibility decreases to less than 1 per 
cent. 

AstBpurRY® has stated that the maximum extension possible by 
straightening out a random tangle of links, each of length /, is / cos 45°, 
but this is only true of single links not connected together into chains. 

Effect of viscosity— If whole chains are free to slip past one another, 
no configuration other than a completely random one can be stable 
at any strain. In practice however, for materials of high molecular 
weight this limitation is not important, because relative movement of 
whole chains is opposed by a considerable viscous resistance even when 
the small movements of parts of chains involved in changes of con- 
figuration are comparatively free. Why this should be is clear 
from simple statistical considerations. The magnitude of the energy 
barrier opposing movement between two sections of chain in contact 
depends on the number of contacts between consecutive pair of atoms, 
and this in turn is a function of the mean value of r (equation 5 
and will increase as the orientation becomes more perfect. At large 
strains therefore, when relative movement between whole chains might 
be expected to be most rapid, the viscous resistance is at its highest. 
If the molecular weight is low, the viscous resistance never becomes 
very high, and rubbery properties are not conspicuous, because the 
orientation on which rubbery stress depends decays rapidly. 

It is convenient to distinguish between the viscous resistance 


opposing relative movement of parts of chains, and that opposing the 


movement of whole chains, although at large strains the two merge 
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into one another ; the former will be called internal and the latter 
true viscosity. 

Imperfect rubbers and viscous-elastic effects— To extend these calculations 
to imperfect rubbers it is necessary to consider how the existence of 
cohesive forces between chains will affect the mean tension / in the 
chains and the mean pressure g they exert. We may consider each 
chain as surrounded by a hollow cylinder of neighbours. Every 
movement of the atoms at right angles to the long axis of the chain 
is subjected to a retarding force, which decreases the tension produced 
in the chain in much the same way as intermolecular attractions in an 
imperfect gas decrease the force of impacts on the wall of the con- 
taining vessel. ‘The decrease in the value of f and g may be represented 
by a constant m analogous to van der Waals’s constant a. The value 
of f increases with temperature ; if m remains constant the value of 
(f — m) will decrease with decreasing temperature until it reaches zero 
at the ‘rubbery freezing point’, below which the material behaves 
as a normal solid. 

it is characteristic of materials in which m is large that they exhibit 
pronounced elastic after effect : they resist any sudden change of shape 
by considerable forces but will respond to a small sustained load by 
when load is removed they return slowly to 
As an example we may consider the behaviour 

of a strip of polyvinyl! chloride in tension, 


shown in Figure 4. The specimen is held 

at a fixed length until the tension is con- 

stant, and is then allowed to shorten 

4 8 rapidly for a small distance A and kept 
. 


me at the new length. The tension suffers 
Figure 4. Viscous-elastic behaviour of an immediate large decrease, but recovers 
a typical slow rubber . 3 As 
gradually to nearly its original value. 
Comparable results are obtained by a sudden small stretch B ; the 
tension at first increases very much but later drops. 

The mechanical properties of a material like this may be represented 
by a model consisting of springs and dashpots, arranged either in series 
or in parallel, or both. The behaviour of most materials can be 
represented by a sufficiently complicated combination of springs and 
dashpots, although for some ‘it becomes necessary to introduce modi- 
fications by which the stiffness of the springs and the viscosity of the 
dashpots can be made to increase with increasing strain. These models 
facilitate the description of a material, but they offer no explanation 
of the events they imitate, and provide no analogy for several important 
properties of the real material, as for example the correlation of 
internal viscosity with elastic modulus, or the dependence of both on 


large deformations ; 
their original shape. 





Applied Lood K 
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temperature. In spite of these objections, many people have tried to 
account for elastic after effect by supposing that materials which 
exhibit it do actually contain structures corresponding to springs and 
dashpots. Meyer and Ferri’ for example have suggested that rubber 
consists of two phases, a flexible sponge responsible for the tension, 
and a viscous fluid that flows through its meshes. 

On the statistical-mechanical theory the occurrence of elastic after 
effect can be explained without supposing the existence of two phases, 
if we assume that where two chains touch they form weak secondary 
valence bonds. These bonds cannot resist any considerable force for 
any considerable time, but over a short period they can sustain quite 
large forces. When the material is suddenly stretched it behaves as 
if it were intensely cross linked ; the effective chain length is small, 
so that a small increase in length suffices to cause a considerable 
improvement in orientation (see p 223), and hence a considerable 
increase in tension. If the load is sustained, relative movement 
between chains occurs, and they take up the equilibrium configuration 
proper to their true chain length; the value of 4 rises and the tension 
falls. For a quick release the reverse is true. 

The extreme cross linked condition, whether temporary or permanent, 
may be considered as one in which relative translational movement 
between parts of chains is restricted, and elongation of the material 
occurs principally by rotation of links about their mid points. The 
effect of a rapid change of shape on the angular distribution diagram 
may therefore be represented by a conformable transformation, in 
which circles become ellipses by an extension of the figure in one 
direction; extension being in the direction @ = o for a quick stretch, 
and in a direction at right angles for a quick release. When 4 is less 
than unity the figure remains approximately normal, although the 
standard deviation departs from the equilibrium value for that length. 
If the curve goes more than once round the origin it ceases to be 
normal when distorted, and is transformed by a stretch into the shape 
of a cigar, and by a quick release into that of a lens. The distribution 
obtained by a quick stretch will give a larger value for A than the 
equilibrium distribution, and that obtained by a release a smaller 
value ; in either case the tension will slowly return to its equilibrium 
value as the angular distribution returns to normal. 

Behaviour of frozen rubbers— Rubbery solids at temperatures near 
their ‘ rubbery freezing point’ may be considered as extreme types 
of imperfect rubbers, in which the value of (/— m) is nearly zero. 
Their behaviour is interesting for two reasons, first because it reproduces 
at slow rates of loading the behaviour to be expected of typical rubbery 
solids at very high rates of loading, and secondly because it makes it 
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possible to bring into a common scheme the peculiar elastic properties 
of materials like hair, in which great extensibility is combined with a 
potential energy mechanism (Woobs*; ®). 

As an extreme type we may consider 
crylate). At room temperature Perspex behaves like a normal solid, with 
a Young’s modulus of about 3 x 10!! dynes/sq cm, and maximum 
reversible strain of the order of o-oo1 per cent. If a tensile specimen 
is carefully polished so that there are no surface cracks at which 
failure might originate, it shows a fairly well defined yield point, 
above which it necks and extends like a ductile metal. At room 
temperature this extension is not regained when load is removed, but 


erspex (polymethylmetha- 


if the specimen is immersed in water at about 80°C it rapidly returns 
to its original shape, showing that the ‘ plastic > extension was in fact 
rubbery. The applied stress has been sufficient to overcome the energy 
barrier opposing relative 
movement between parts of 
chains, and they have been 
pulled out to a more exten- 
ded configuration. At room 
temperature they remain in 
the extended configuration 
when the load is removed, 
because the restoring force 
is zero, but at temperatures 
above the ‘rubbery freezing 
point’ they return to their 


< 


>—? b>» 


’ 
oe 
we 


original random = arrange- 


| ment. Although the force 


opposing extension is derived 





entirely from internal energy, 





| the restoring force responsible 
| for complete return to the 
| original length is derived 
| from entropy ; the potential 


| energy mechanism will only 




















cause return to the nearest 
potential trough, a matter of 
a few thousandths per cent 


Strain Per Cent 


Figure 5. Three successtve cycles of loading and unloading 


on the same filament of polyvinyl chloride, diameter 0-3 mm, 
Readings at intervals of 1 min except where marked. B,, B,, strain. For any finite rate of 


and B, are successive yield points. eee : ; > 
After the third cycle, the filament was loaded rapidly ( 30 sec Strain at room te mperature, 
to ce and then allowed to creep to D, the load betr g maim- the modulus of elasticity 
tained approximatel) constant ; after 1 hr it was further s ‘ AeA = . ie 
Leal ty © will appear to be high, as 

in normal solids. 


Sample kindly supplied by Messrs. 1.C.1. Plastics. 
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Polyvinyl chloride behaves in a similar way. In Figure 5 is shown 
a load/length curve for a filament of polyvinyl chloride strained fairly 
slowly. There is a well-defined yield point B above which extension 
is obviously dependent on time and so appears to be plastic. The 
restoring force at room temperature is just measurable however, and 
when the load is released the material very slowly returns to its 
original length. 

It is not necessary to suppose that more than a very small fraction 
of the load on the upward limb of the curve is due to kinetic effects. 
As the value of m is high, the rubbery tension in the chains ( f — m) 
will be very small. If the chains stick together where they touch, a 
very slight increase in the length of the material as a whole is sufficient 
to align them nearly parallel, although their distribution may not be 
normal (see p 225). Further elongation of the material is then resisted 
by elastic forces derived from strain energy. The additional tension 
will impose shear on the bonds between chains, which they can only 
sustain up to a certain point, above which they yield and allow the 
material to extend until the chains are entirely unravelled. Once 
the chains are extended more or less parallel, elongation is resisted 
by a strain energy mechanism again, and the modulus again increases. 
This second increase in the elastic modulus can be made to appear 
at loads only slightly above the yield point if the material is held at 
that load until extension is complete, as shown by DE in Figure 5. 
This type of load/length curve has been described in several kinds of 
synthetic high polymer by 
LEADERMAN?®, 

The load/length curve for 
hair (Figure 6) is like that for 
polyvinyl chloride. ‘There is 
a false yield point, the elastic 
modulus increases again at 
high extensions, and there is 
the same slow return at 
zero load. With mechanical 
properties so much alike it 
seems reasonable to suppose 
that the molecular mech- 





anism involved in the two 








materials is similar. ASTBURY 
and Woops!! explained the 
shape of the curve as due 





to the successive extension 


of three different kinds of if 1 min except where marked 
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keratin arranged in series; the three kinds being intracellular keratin, 
enclosed within elongate cells ; keratin forming the external walls of the 
cells, and intercellular keratin cementing the cells together. Ina later 
paper!*, Woops rejects this explanation, and supposes instead that the 
cells themselves contain all three phases, one as a continuous network 
and the other two in its meshes. It is doubtful whether such an 
arrangement would in fact produce the mechanical effects observed, 
but in any case it seems to be an unnecessarily complicated hypothesis; 
if polyvinyl chloride, which is amorphous and monophasic, can yield 
the same type of curve, it is simpler to suppose that the curve for hair 
is due to the intrinsic properties of a single material. 

As in polyvinyl chloride, the slow return of hair to its original 
length at zero load is accelerated by a rise in temperature. Agents 
which decrease molecular cohesion, such as heating in steam, treatment 
with alkalis etc lower the yield point, reduce the value of the elastic 
modulus on the upward arm of the curve, and accelerate return at 
zero load. Esterification of polar side chains has the same effect 
(Harris, Mizect and Fourt!*). Meyer and HAse.BacuH" find that 
for elephant’s hair swollen in thioglycollic acid (34/27), is positive. 
This seems to be in agreement with what is known of the effect of 
other swelling agents, and does not conflict, as they claim, with the 
conclusion of Woods, that under normal conditions most of the 
restoring force is derived from potential energy. 

AstBurY and Be.u?® interpret the crystal structure of a-keratin as 
an arrangement which gives the closest packing of side chains. If we 
consider the angular distribution of links corresponding to Astbury 
and Bell’s model of a-keratin it appears that there are equal numbers 
at 6 = 0 and at @ = go’, but none at angles greater than @ = go°, a 
condition not far removed from complete uniformity for direction 
without uniformity of sense. The a-crystalline arrangement may thus 
be considered as a modification, induced by attractive forces between 
side chains, of an intermediate condition in the curling up of the 
chains. It is metastable, and if sufficient heat is supplied to melt 
the crystallites the angular distribution develops further towards the 
equilibrium condition in which there is uniformity of both sense and 
direction; the additional curling up causing supercontraction of the 
material in bulk. Astbury and Bell observe that by distorting valency 
angles the side chains could be packed a little more closely still, but 
this itself will not account for a supercontraction to two thirds of the 
original length. Asrsury® has pointed out that the large changes in 
length observed in supercontracted hair and in muscle could be 
accounted for if the folds in the molecular ribbons present in the 
a-configuration were extended laterally, as in the crossed f-configura- 
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tion described by Rupa.u!* for epidermal proteins. In the crossed 
f-configuration there are more links at angles of @ = go° or 180° than 
at @ = o, so that the angular distribution figure approximates to that 
for a rubber compressed in the direction @ = 0. Such an arrangement 
might arise from a more isotropic distribution by a process of crystal- 
lization, but in that event it seems unlikely that it could be concerned 
in muscular contraction, because crystallization is necessarily too slow. 
MERCER!’ has recently found evidence for the existence of the crossed 
B-configuration in wool fibres swollen by a mixture of sodium sulphide 
and urea solution. 

Energy relations of frozen rubbers— The mechanical 
point ’ of these ‘ frozen rubbers ’ has a thermal analogue, the ‘ rubbery 
melting point’. Below the rubbery melting point tension at con- 
stant length decreases slightly with increasing temperature because 
of the normal isotropic thermal expansion of the material ; above it 
tension increases with temperature. The relationship between tensile 
load and temperature is most easily understood by considering a 
comparable gaseous system ; a liquid 
near its boiling point enclosed in a rigid 
vessel. As the temperature is raised the 
pressure will increase in the manner 
shown in Figure 7, which is compiled 
from the figures given for the saturation 


‘ 


rubbery yield 








vapour pressure of water in Landolt- 
Bornstein’s tables. If excess liquid were 
always present the pressure should rise 
as shown in curve AB, but if the volume 
of water originally present is limited, at 
some stage in the process it will have 
evaporated completely, and from then 
on the pressure will be a linear function 
of the temperature, BC. 

Changes in the elastic properties over a range of temperatures about 
the rubbery melting point have been investigated in several materials 
and in all of them the relation between isometric tension and tempera- 
ture is similar. /igure 8 shows two curves for tensile load at constant 
length plotted against temperature for a nylon filament in water. 
Similar curves have been obtained by WOHLIscH and DU MESNIL DE 
RocHEMENT'® for tendon, for elastoidin by PickEeNn!® and for gutta 
percha by MEYER”, 

WOu.IscH and pu Mesnit DE RocHEMENT have applied to such 
curves a modified form of the Clausius-Clapeyron equation 


(07,,/2K), = T,,(2L/2¢,,)7 
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Figure 7. Saturated vapour pressure of 
water at various temperatures 
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where 7,, is the temperature of the rubbery melting point, Q,, the 
latent heat of the process of melting, and K the stress. If the material 
shortens when heated, the right hand 
side of the equation must be posi- 
tive, and 

(07,,/k),>0 
i.e. the rubbery melting point must 
rise with increasing load. 

It is interesting to note that the 
rubbery melting point does not exactly 
correspond either to the boiling point 
of a liquid or to the melting point of 
a crystalline solid. The occurrence of 
a crystalline phase does not materi- 
ally alter the shape of the curve ; if 
values for ice are substituted for those 
for supercooled water in Figure 7 the 
curve is comparatively little changed. 
The parameter which corresponds in 
an imperfect rubber to the volume of 
liquid originally present is presum- 
ably a factor related to the mean 
number of atoms which cooperate to 











Figure 8. Increase in load exerted at constant ; . . 
length by nylon filament in water at different PYOduce the mean tension /f. 

temperatures. Upper curve, starting from zero Woops® ® has investigated the 
load ; lower curve, starting at a load of 170 gm 


C 25 Kg/sqg cm 


energy relations of hair, nylon, and 
casein wool under load at different 
temperatures, but without taking account of the existence of the rubbery 
melting point. He determines the value of (34/37), from measure- 
ments of load at two temperatures only (20° and 40°C) and then 
calculates the contribution A, of entropy effects to the total load K at 
20° by using the relation 
K, = T(k)T), 

This implies that (34/37), is constant, and as it is not, his con- 
clusions are sometimes misleading. If the rubbery melting point 
of the material he is investigating lies above 40° his values may be 
approximately correct, but when it lies within the range 20° to 40°, as 
it does for nylon and casein wool, he obtains too high a value for 
(0.4/7), and in consequence too high a value for X,._ His conclusion 
that nylon and casein wool belong to a peculiar class of ‘ hyper- 
entropic ’ materials need not therefore be accepted. 

Perspex and other synthetic plastics also provide an analogy to the 


230 





POSSIBLE ELASTIC POWER CYCLES 


‘set’ of hair. If Perspex is strained at a temperature above its 
rubbery melting point (ca 70°C) and is cooled in the strained position, 
it will retain the new shape indefinitely, provided that it is not again 
heated above the rubbery melting point. This is analogous to 
‘temporary set’ ;‘ permanent set ’, which persists even at temperatures 
above the rubbery melting point, can be imposed only by heating the 
material above its true melting point (ca 150°C). In hair the position 
is complicated by chemical factors ; the effect of raising the tempera- 
ture may be reinforced by chemical changes which weaken the 
lateral bonds between protein chains. SPEAKMAN*! has shown that 
permanent set is favoured by conditions which lead to the breakdown 
of the cystine links originally present and their re-establishment in the 
new configuration. In terms of our previous argument (p 224) 
this is to decrease m instead of increasing /. 

The similarity in the shape of the load/extension curves for hair, 
which is partiaily crystalline at all extensions, and polyvinyl! chloride, 
which is almost entirely amorphous, suggests that the occurrence of 


crystalline phases at any stage in the extension of a material is not by 


itself of great importance for the mechanical properties. When inter- 
molecular cohesive forces are strong, the chains will tend, at any 
length of the material, to settle down into the configuration which 
permits of closest packing. This may be crystalline, but the occurrence 
of one or more crystalline phases during the extension of a material 
cannot be taken as evidence that the restoring force is derived from 
internal energy. 


POSSIBLE ELASTIC POWER CYCLES 
We are now in a position to consider the workings of elastic power 
cycles in more detail. From what has been said of the nature of 
elastic strains, it appears that only two fundamentally different kinds 
of cycle are possible, one involving variations of internal energy and 
the other variation of entropy : we shall consider them in that order. 
The distinction between the two kinds of cycle has been clearly 
expressed by RAMsEY??. 

Potential energy cycles— A potential energy engine could be con- 
structed with any long chain polymer in which there were mutually 
attractive groups disposed at intervals along the molecules, the 
intensity of the attractive force (and hence the elastic modulus of 
the material) being variable. It is easy to imagine ways in which the 
attraction between permanent dipoles might be varied chemically, 
either by affecting the magnitude of their charge or the dielectric 
constant of the intervening medium. When the attractive forces are 
strong, successive centres will approach one another and the chain 
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will fold together and shorten. To complete the cycle the attractive 
forces might be decreased and the chains pulled straight again. The 
cycle can be represented on an indicator diagram whose axes represent 
load K and length L (Figure 9). 

Starting at Aunder a load X4, the load is 
Ke of 8“. increased to K, and the material extends 
to B. The material is then allowed 
to shorten, and the elastic modulus is 
increased progressively to maintain the 
load constant until a new length L, is 
reached at C. The modulus of elasticity is 
now kept constant, and the load reduced 
to A, again, allowing the material to 
shorten to D. The material is then 
extended to its original length L, at A, 
progressively reducing the elastic modu- 
lus so as to keep the load constant at XK. 
The work done per cycle is represented by the area ABCD. 

A mechanism of this kind has been implied by several people and 
has been discussed in detail by MEyER?* 24, Weser?> has pointed 
out one difficulty, but there are in fact two serious objections. The 
first concerns the magnitude of the strains involved. Attractive forces 
between point charges fall off as the inverse square, or higher power, 
of the distance between their centres, and it is difficult to imagine 
how such forces can act except over very small distances. Yet a 
smooth muscle can shorten to about a third of its resting length. To 
account for such large strains we must either suppose the existence of 
some new kind of long range attraction, which is possible but unlikely, 
or provide a mechanical system to magnify the motions of the con- 
tractile substance. Szent GyOroyi*® has suggested an arrangement 
which would have the required effect. He supposes that the micelles 
of the contractile protein, myosin, are each closely attached throughout 
their length to ribbon-shaped aggregates of a non-contractile protein, 
actin. When the myosin contracts, the composite strip, actomyosin, 
will magnify the movement in the same way as a bimetallic strip 
magnifies the thermal expansion of a metal. It is doubtful whether 
actin and myosin do combine in quite this way however (see PERRY 
and Reep?*’), and the necessity for something of the kind remains 
as an unwelcome complication to all hypotheses of the potential 
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Figure 9. Indicator diagram for a 
potential energy cycle 


type. 

The second difficulty concerns the direction in which the forces act. 
If an increase in attractive forces is to cause longitudinal contraction, 
successive centres along the same chain must approach one another 
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without too much lateral approximation of neighbouring chains. 
Intermolecular forces are not directional, so that to ensure this effect 
a very regular structure would be required ; such a structure is 
possible, but the optical properties and x-ray diffraction pattern of 
contracted muscle do not in fact suggest great regularity. 

RisEMAN and KirKwoop* propose a mixed type of cycle. They 


suggest that the protein chains are held extended in the resting muscle 
spaced along them, 


by forces of repulsion between charged centres 


and curl up under the influence of thermal agitation when these forces 
are reduced. ‘This is open to objection from both sides ; 
to be no reason why the repulsive forces should not 


expansion in all directions, and it leads one to expect that heat will 


1 
there seems 


ause equal 


be absorbed during contraction. 

Entropy cycles: heat engines An 
engine thermal 
kinet an be con- 
structed from any material in 
which tension at constant length 
is increased by a rise in tempera- 
ture. A simple heat engine can 


be made by suspending a weight 


from a strip of lightly vulcanized 








rubber hanging between two elec- 
Indicator for a kinetic energy tric radiators. If the load and the 
ae a intensity the radiation can be 
controlled, and the rubber is fitted with a removable insulating jacket, 
this system can be taken round a reversible cycle analog to Carnot’s 
cycle (Figure ro). 

Starting with the rubber at a temperature 7,, under a load A, at 
A, the insulating jacket is put on and the load increased adiabatically 
until the temperature rises to 7, at B. The insulating jacket is then 
removed and the radiators switched on ; the load is decreased until 
the rubber has shortened to a point C, sufficient heat being supplied 
to keep the temperature constant at 7,. At C the radiators are 
switched off, and the insulating jacket replaced, the load is decreased 
to A,, and the rubber allowed to shorten adiabatically until the 
temperature has fallen to 7, again. ‘The insulating jacket is then 
removed, and the load gradually increased to its original value Xj, 
the operation being carried out so slowly that the heat produced is 
radiated away and the temperature remains constant at 7. This 
cycle, a modification of the self-energizing pendulum described by 
WIEGAND?® in 1925, can be performed on any material in which the 
tension/length adiabatics are steeper than the isothermals, that is, in 
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which the thermal coefficient of tension at constant length (0A/d7), 
is positive. 

The amount of work done per cycle depends, other things being 
equal, on the heat capacity of the working substance. If the rubbery 
melting point of the working substance lies between the working 
temperatures, or if it crystallizes when stretched, the work done per 
cycle will be increased. The effect is analogous to that produced in 
the Carnot cycle by using a saturated vapour instead of an ideal gas 
as working substance. Neither of these modifications affects the 
efficiency of the process, as can be seen from the entropy/temperature 
diagram. 

Crystallization makes possible a special case, in which A,=A,=0; 
the working substance elongates spontaneously without the application 
of any external force. The place of the external force is taken by 


attractive forces between chains, and the elongation is accompanied 


by a fall in internal energy. 

Chemical engines— For an imperfect rubber the tension at any length 
may be increased as well by a decrease in the attractive forces between 
molecules as by a rise in temperature. ‘The strength of intermolecular 
cohesion can be controlled chemically by the addition of plasticizers. 
The commonest plasticizers used commercially to soften synthetic high 


polymers are complex esters, dibutyl! phthalate, glyceryl sebacates e/c 
which become adsorbed by their polar groups on to charged groups in 
the polymer, thereby concentrating the field of force of the charge 
within a smaller radius, and also by their bulk preventing a close 
approach of the chains. Their effect may be to some extent specific 
to particular substrates which the spacing of their polar groups happens 
to fit. For strongly solvated polymers, as for example proteins swollen 
in water, the amount of bound solvent will also affect the mean 
tension in the chains, an increase in the bound solvent tending both 
to increase the thermal energy of the chains and to decrease their 
cohesion. Ions which affect the swelling of a fibre may therefore be 
expected to affect its elastic properties as well ; this is probably the 
explanation of the contraction observed by MoNGAR and WaASsSERMAN®? 
in alginate fibres when calcium ions were replaced by sodium. 

By varying the concentration of plasticizer or by changing the species 
of ion present, a simple chemical engine could be made, whose working 
was analogous to that of the heat engine described above. Plasticizer 
is added or removed where heat is added or removed in the heat engine; 
along the adiabatics no plasticizer is allowed to enter or escape from 
the system, and the isothermals become plasticizer isobars along which 
the vapour pressure or concentration of the plasticizer is kept constant. 
An engine of this kind can be constructed with any material in which 
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the tension at constant length is increased by the addition of plasticizer 
1.e. as long as (3K /2[P]), is positive. The efficiency can be assessed 
from the analogue of the temperature/entropy diagram ; for tempera- 
ture take plasticizer vapour pressure or concentration [P], and for 
entropy the quantity of adsorbed plasticizer divided by the concen- 
tration (P/[P]). Thus it appears that the efficiency should depend 
on the difference between the two working concentrations divided by 
the lower ([P], — [P],)/[P]>. The consequences of crystallization of 
the working substance are the same as for a heat engine. 


MODEL OF CHEMICAL ENGINE 


The detailed working of an engine based on rubbery strains is 
complicated, and for simplicity’s sake the properties of an inanimate 
model will be described in detail before the results are applied to the 
investigation of muscle. 

To distinguish in practice between potential and entropy cycles an 
apparatus has been used in which the specimen is subjected to a tension 
of rhythmically varying intensity and the resulting deformations 
recorded. If the frequency is varied over a wide range, both the 
elastic modulus and the internal and true viscosities can be deduced 
from the same set of observations. The theory of this kind of measure- 
ment has been studied by physicists interested in the mechanical 
properties of rubbery solids e.g. Tucketr*!. ‘There is also a review by 
ALFREY and Doty*?. The same method, or modifications of it, has 
been applied to muscle by Winron*? and by Buchtal and his school. 

As the response of rubbery solids to applied loads is not instantaneous, 
it follows that if the material is subjected to a fluctuating load, the 
amplitude of the resulting deformation will decrease with increasing 
frequency. The apparent modulus of elasticity as deduced from the 
amplitude of the response in such experiments has been called the 
dynamic modulus. At low frequencies it approximates to the modulus 
as measured in static experiments, and at high frequencies it increases 
to a maximum which approaches the range of values typical of normal 
solids. The relation between frequency and dynamic modulus is not 
linear, the increase of dynamic modulus with increasing frequency 
being confined to a range of frequencies which will be called the 
critical range. 

A fall in temperature or an increase in the intensity of intermolecular 
cohesion will tend to shift the critical range towards lower frequencies, 
because both changes tend to increase the internal viscosity. At 
frequencies below the critical range 7.e. when the material is behaving 
wholly as a rubbery solid, either of these influences will tend to 
decrease the dynamic modulus, because of their effect in decreasing 
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the static (rubbery) modulus. At frequencies above the critical range, 
when the material is behaving as a normal solid, their effect will be 
negligible. It ought therefore to be possible to find out whether 
intermolecular forces have increased or de- 

creased by comparing the relation between 

frequency and dynamic modulus at two stages 

in a cycle. Suppose the curve R in figure 11 

applies to a material before it contracts ; if 

contraction is due to an increase in inter- 

molecular forces, the critical frequency 

should be reduced as in curve /, but if it is 

due to a decrease, the critical frequency 

should be increased as in curve II. 

At frequencies within the critical range, say at A in Figure 11, the 
dynami modulus should be im reased Nn contraction in a potential 
and decreased in a kinetic cycle. In the experiments on synthetic 
plastics reviewed by Alfrey and Doty, the test specimens were alter- 
nately stretched and compressed by equal amounts, so that there w.’s 
no resultant mean stress. In this way irreversible viscous flow is 
avoided, and the interpretation of the results in terms of springs and 
dashpots is made easier. For fibres or muscles the apparatus has to 
be modified in such a way that the specimen is always under tension. 
Under these conditions the specimen may undergo irreversible extension 
during the course of an experiment ; if it does, the periodic defor- 

mations due to the oscillating 
( ee ad are superimposed on a 
shifting base line whose slope 


is a measure of the rate of vis- 
cous flow. When the viscous 
strain becomes large the speci- 
men hangs slack between its 

s attachments and no longer 
follows exactly the stresses im- 
posed on it, but in the initial 
Stages the slope of the base 
line provides interesting addi- 
tional information. ‘True vis- 
Fegl cosity 1s affected by the same 


YY factors as the internal viscosity, 
and we should therefore expect 





the slope of the base line to 
‘-w 


be steepest when the inter- 


Figure 12. Apparatus for measuring the dynamic modulus nal viscosity is lowest. In a 
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potential cycle the slope should decrease during the active phase, and 
in a kinetic cycle it should increase. 

The apparatus used in the author’s experiments, shown in Figure 12, 
consisted of a ring spring $ with a high natural frequency, suspended 
vertically from an eccentric gear E driven by a motor through a set of 
gears which could be adjusted to give a range of frequencies from 5 
cycles per second to 15 minutes per cycle. The spring was kept in place 
above by a guide ring G running on a vertical rod, and below by a 
hinged lever L which permitted only movement in the vertical plane. 
The lever hinged about a point F 15:5 cm behind the lower edge of 
the spring, and extended back behind this for a distance of 36 cm, 
where it ended in a point writing on a smoked drum. The movement 
of the lower edge of the spring was thus recorded with a magnification 
of x 2-3. For frequencies above 2 cycle/sec the part of the lever 


behind the hinge F was removed and the movement of the spring 


observed by means of a beam of light reflected from a mirror attached 
to the end of the lever immediately above F. On the lower edge of 
the spring was a hook H for the attachment of the specimen. 

The lower end of the specimen was held in a clamp C. 
was required to immerse the specimen in test solutions, a 
made by threading the specimen through the bottom of an inverted 
rubber teat. 

To investigate the behaviour of the model under 
conditions, an apparatus was used which recorded small 
length magnified 26 times on a smoked drum (Figure 15 
recording lever L is a light pith rod, hung 
on a thread from a firm wooden stand, and 
balanced about its point of suspension by a 
lead weight W at one end. ‘The thread was 
attached above to a cotton-reel C which 


could be twisted round on a wooden peg, 





so that by raising or lowering the point of 
suspension, the position of the writing point 
on the drum could be adjusted without 
altering the load on the specimen. A short 





distance in front of the point of suspension, 


a needle N was driven horizontally through 
Figure 13. Adjustable isometric . 


ee the middle of the lever. By threads looped 


round this needle the lever was connected 
above to a stiff spring S$ hung from another bracket on the same stand, 
and below to the specimen. ‘The specimen was threaded through a 
pipette teat as before, and its lower end was tied to a rack and pinion 
by means of which it could be stretched or released. The same appa- 
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ratus could be used for isotonic experiments if the specimen were hung 
in place of the spring $ and a weight was freely suspended in the 
position T below the lever. 

Description oj the model systen [he system used as a model was a 
tendon immersed in a solution of mercury-potassium iodide (Thoulet’s 
solution). As described by Scumipr*‘ this will give contractions very 
like those of a muscle. Many other swelling agents have a similar 
action, but it is not always those that swell the tendon most that are 


most effective in producing tension. ‘Thioglycollic acid for example 


swells the tendon more than mercu otassilum iodide, but the 


tendons so swollen have a lower Young’s modulu Figure 14 

WHEWELL and Woops** have described another interesting model, 
which depends on the contraction of hair or wool in solutions of 
cuprammonium. ‘The author has examined this too and repeated 


their experiments, | most of his investigations have been made on 


pheasant’s ire con- 
venient to use because they 

ossified at both ends ; 
the bony parts are not 


‘ftened by the reagent and 





| 


iodide probably icts 





ung relatively inert com- 
free amino 
protein ; In 
solution (Nessler’s 
it forms an in- 
precipitate 
The eff 
swollen 
yme extent 
ol the jelly. 
- of cooking gela- 
tin became Opaque, but did 
not liquefy, if merely swollen 
before testing, 


elly Mma 


left) and after whl 
The broadest side 


nearly tsotroprc in all dir 
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The way the jelly liquefies suggests that hydration of the gelatin is 
decreased rather than increased in the process. There is little swelling, 
and the individual pieces of jelly develop a thin opaque skin on their 
surface, which disintegrates and falls to the bottom like mist. Con- 
centrated solutions of gelatin in the reagent have a remarkably low 
viscosity and show no birefringence of flow. 

Tendon is dissolved very slowly in alkaline, and not at all in neutral 
solutions, but in both it shortens and becomes rubbery. The equili- 
brium load/length curve for tendon immersed in reagent of sp gr 


1°3 (c 05M) is shown in Figure 1r4A; it is concave toward the load 


’ 
1 
7 


axis like that of rubber or supercontracted hair. The dynamic modulus 


decreases as the tendon shortens, confirming that contraction is due 


to a decrease rather than an increase in the strength of inter- 


molecular forces. [he critical range of frequencies for tendon 
contracted in a solution of sp gr 1-3 lies above 5 cycles per second 


see Figure 15 
Fresh tendon exhibits strong birefringence, positive with respect to 


the fibre axis. In a fully contracted ten- 





don the strength of the birefringence is 
very much decreased, but it remains 
weakly positive. According to Kaye and 
Lioyp*® thermally contracted collagen 
fibres from hide become optically iso- 
tropic. AsrBuryY*?’ finds that the x-ray 
diffraction diagram of thermally con- 
tracted tendon from rat’s tails shows it to 


be amorphous. 





Similar experiments were made on hair 


in cuprammonium and gave similar results. 





At a frequency of o-1 cycle per second the 
dynamic modulus of human hair is de- 
creased by about one and a half times 
when it is immersed in a saturated solu- 
tion of copper oxide in ammonia of sp 
gr 0°88. This suggests that in hair too, 
contraction 1s due to a decrease in inter- 
molecular attractive forces. Whewell and 
Woods themselves suggest that contraction is brought about by 
attractive forces exerted by adsorbed cuprammonium ions, but even if 
the decrease in dynamic modulus is left out of account, it seems more 
in agreement with the effect of cuprammonium solutions in dissolving 
other fibrous proteins to suppose that the adsorbed ions tend rathet 
to decrease intermolecular attractions than to intensify them. 
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According to Whewell and Woods the x-ray diffraction pattern of 
fully shortened hair shows it to be amorphous. 

Effect of concentration of reagent on load— A tendon contracting in 
Thoulet’s solution can exert a considerable force. Starting from zero 
load and contracting against a stiff spring, shortening about 10 per cent, 
a tendon immersed in a 2M solution develops a tension of about 
100 kg/sq cm on the original area. This exceeds the highest tension 

recorded for muscles, which is only 





35 kg/sq cm (adductor of Venus 
verrucosa reported by MarcEau* 





To produce a tension of the same 
order as those developed by verte- 
brate striped muscles, ¢ 10 kg/sq 
cm, a concentration of 0-5 is suffi- 





cient. 
The equilibrium force which can 





be developed at constant length (the 
isometric tension) increases with 


increasing concentration of reagent 





Figure 16), so that the system fulfils 
the requirement for the working 
substance of a chemical engine, and 
by sultable variations of the concen- 
tration could be taken round a cycle 





analogous to Carnot’s cycle, and so 
made to do work. 





The curve for isometric tension 
plotted against concentration is like 








that for isometric tension plotted 





against temperatures ; a shape of 





curve which is typical of the load, 
temperature relations of imperfect 
Figure 16. Variation of load at constant rubbers. The chemical analogue of 
length ( full line) and of amplitude reciprocal the rubbery melting point will be 
of dynamic modulus) at constant load (broken 


curve) with concentration of reagent called the chemical melting point. 


The dynamic modulus at constant 
frequency varies with concentration as expected. There is a sudden 
decrease to a minimum value over a narrow range of concentrations 
(Figure 16) immediately above the chemical melting point, and then, 
as the concentration is raised further, the dynamic modulus increases 
again, because the tendon is now behaving entirely as a rubbery solid, 
so that the dynamic modulus increases with the static modulus. 

The value of the chemical melting point is affected by tension in 
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the same way as that of the thermal melting point (see W6HLIscH 
and pu Mesnit DE ROCHEMENT!®) ; both are shifted towards higher 
concentrations or higher temperatures by applied loads. 

Energy relations— When tendon is brought to contract by heating 
in water, heat is absorbed. As W6xHLIscH® 3° has pointed out, this heat 
can be analysed into two components, the latent heat of melting 
necessary to bring the tendon into a rubbery state, and extra heat 
absorbed during rubbery shortening. When tendon is made to 
contract by chemical means, the plasticizer uptake can be analysed 
in a similar way into latent uptake necessary to ‘ melt’ the tendon, 
and a further uptake in the range of concentrations over which 
tension is proportional to plasticizer content. 

Adsorption of plasticizer will lead to a decrease in internal energy 
as attractions between plasticizer and substrate are satisfied, and will 
be accompanied by a corresponding emission of heat, the heat of 
adsorption. The effect of the adsorbed plasticizer is to reduce the 
attractions between molecules of the working substance, involving a 
further diminution of internal energy. 

As long as there is an approximately linear relation between 


plasticizer concentration and load, adsorption of plasticizer will be 


proportional to the distance shortened. Hence there will be a decrease 


in internal energy as the tendon shortens i.e. (0U/d/)7 is negative. 
If the decrease in internal energy is greater than the corresponding 
increase in entropy 1.¢. IU /d3M)7 > T(S/d) 7, the process of shorten- 
ing will be exothermic. If the tendon is extended by a load greater 
than the isometric tension, plasticizer is expelled, the internal energy 
increases and heat is absorbed. 

The thermal coefficient of tension (4/7), remains positive, 
because the ‘ melted’ tendon can act as a simple rubbery solid. This 
agrees with the observations of FAURE-FREem1ET and WoELFFLIN® on 
the effect of swelling agents on the elastic properties of elastoidin. 

The immediate source of the work done during contraction is an 
increase in the entropy of the working substance due to disorientation 
of the molecules, accompanied by a decrease in internal energy due 
to a diminution of the strength of intermolecular attractions. If we 
consider a complete cycle, after the tendon has returned to its original 
state, the only change is that the solution of plasticizer is more dilute 
than it was to start with. The ultimate source of energy must therefore 
be an increase in the entropy of the plasticizer solution resulting from 
dilution. 

Apparent viscous-elastic effects— At concentrations above the chemical 
melting point the relation between tension and concentration is 
reversible, and a very small change in concentration will produce a 
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measurable change in tension ; a perceptible decrease was caused 
for example by adding o-1 cc of distilled water to 3 cc of reagent. 
A similar change in the opposite sense follows the addition of a drop of a 
more concentrated solution. These changes are slow, and for a whole 
tendon of cross-sectional area about half a square millimetre require 
some ten minutes to go to completion, although a change in the slope 
of the tracing becomes apparent immediatel 

Contracted tendon responds to sudden changes in load like a heavily 
damped viscous-elastic system. It regains tension after a quick release 
and loses it after a quick stretch (Figure 17). It is unlikely that these 





PUUVOVECEVETTCTETOTTT OE hanges are due to simple elastic 
fect because they are too slow. 
‘he dynamic modulus of fully con- 
‘acted tendon varies little over a 

of frequencies from 0-003 to 4 


Ss 


Sy 


per second (Figure 15), show- 

ing that adjustments due to elastic 

after eflect ought to be complete in 

matter of fractions of a second, 

wherea these changes proceed 

rapidly for several minutes and 

are 1 complete for a matter of 

hour or so. The anomaly 

suppose that t mn gives up reagent when 
stretched and absorbs it when released ; by le Chatelier’s principle this 
in fact follows from the observation that tension at constant length 
varies directly with concentration of rea it. These changes correspond 
to isothermal changes in a thermal system, and as they involve diffusion 
of reagent in or out, the rate at which they take place should depend 
on the cross-sectional area of t bre. The slow adjustments of length 
and tension which follow a sudden 
stretch sufficient to produce a tem- 


porary increase of load of about 


| 


30 gm on 500 correspond, both in 





rate and extent, to those produced 


by a change in concentration of 








about 30 per cent. By adding water 


or more con entrated reagent just 





before a sudden change in length, 
the slow changes in tension which 
should follow can be abolished or 
changed in sign (figure 18 

If the load on a tendon is already 
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greater than the isometric tension, addition of reagent 
increase. This of course follows from the principle that the equilibrium 
content of reagent is diminished by increasing tension. The same thing 
can be expressed in another way by saying that the increase in ten- 
sion produced by adding reagent is greatest near the resting length of 
the tendon, and falls off to nothing at high loads. 

If a tendon immersed in reagent, but loaded beyond its isometric 
tension so that it cannot contract, is given a series of quick releases, 
tension is regained after each, both the extent and rate of the reg 


increasing to a maximum as the load on the 


19a). A somewhat similar set of curves 
stretches (figure 19b) starting at zero load 


isometric tension. The shape he curve 
1 e . 
supposed that the difference between the 


the isothermal or isobaric elastic moduli 


increasing plasticizer content. The 1 
successive stretcl ill the fall off progre 
and with it the speec 1d extel 


tensions greater than sometric, 
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taken from Figure 19, and the shape of the equilibrium curve 
Figure 14A. 

Rate of contraction under isotonic 
conditions—In isotonic experi- 
ments, with a weight freely sus- 
pended from the tendon, the rate 
of shortening was found to decrease 





with increasing load according to 
the equation 


fe) 


(V +0-086) (K 150 constant 


where V is the rate of shortening 
in mm/min measured at ¢ 2 per 


Shortening 


—f 


cent shortening, and & the load 


Ie 


in gm (Figure 21). The rate of 


R 





shortening decreases with de- 
creasing length ; Figure 22 shows 





a series of curves traced from 





smoked drum records. pt) ane oe een ee 
00 800 /000 


If the applied load exceeds the 
isometric tension, the tendon _ 
Figure 21. Variation of rate of shortening with load 


: ee: : a et. ~ 
elongates insteé ad of contracting for tendons wnmersed in I°5 M mercury-potassium 


when reagent is applied, although todide. Ordtnates show rate of shortening in mm/min, 
abscissae show load in gm. Circles refer to one 
tendon, triangles to another 


the rate of elongation is less than 
that predicted by the equation. 
The relation between rate of 
shortening and concentration of 
the reagent (Figure 24) is like that 
between rate of shortening and 
applied load, as would be ex- 
pected from the approximately 


Shortening 


linear relation between concen- 
tration and isometric tension 
which applies at all concentra- 
tions above the chemical melting 
point. There is however a very 
Time (min Intervals) marked falling off in the rate 
of contraction at very high con- 











Figure 22. Superimposed tracings of contraction of ‘ 
a tendon in 1-5 M mercury-potassium iodide under Centrations. 

different loads. Figures indicate load in gm, horizon- In general, the relations be- 
tal line intervals of 1 cm on drum (equivalent to 0-37 s 
mm shortening), vertical lines, time in 6 min intervals tween rate of shortening, load, 


244 





OF CHEMICAL ENGINE 








Figure 23. Superimposed tracings of 


the contraction of a tendon loaded 





with 200 gm in solutions of mercury- 
potasstum iodide of different molar 


> I Ione J 2 
lorizontal lines wndt- Molor 








concentrations : 

cate intervals equivalent to 1 mm 5 
“ Figure 24. Variation of rate 

centration of reagent jor tendor 


ordinates shou 


shortening, % 


and concentration of reagent are best explained if we suppose that the 
rate of shortening depends on the rate of diffusion of reagent into the 


tendon; this in turn should depend on the difference between the con- 


centration outside [ P.,,] and the equilibrium concentration inside propet 


to the load [P,,,]x. This can be summarized as 


V, [Pinel 


px 
where 6 is a diffusion constant depending on t 

of the reagent in the working substance, and on the 

For tendon lengthening under a load greater 

tension, conditions for the diffusion of the reagent 

only the direction, but the whole shape O 

altered, so that the rate of lengthening cannot 

the same relations as the rate of shortening. Ap rom. factors 
affecting the diffusion of reagent, it must also be remembered that 
extended tendon, like resting muscle, is near the limit of its rubbery 
extensibility, so that it cannot extend far under any load: it is 
noticeable that virgin tendon, which has never been ‘ melted’ before, 
extends much less than regenerated tendon, presumably because its 
molecules start more nearly parallel. 

Relaxation and ‘ set’— Tendon can be set at any length by transferring 
it direct to water, which leaches out potassium iodide, and precipitates 
red mercuric iodide within the fibre. The ‘ set’ can be reversed by 
washing out the mercuric iodide in potassium iodide solution. The 
tendon can be returned to something like its original condition by 
reducing the concentration of mercury slowly, or by maintaining an 


245 





MECHANICAL PROPERTIES OF FIBRES AND MUSCLES 


excess of potassium iodide until all the mercury has been removed. 
A tendon treated in this way regains most of its original mechanical 
properties if it is kept under tension during the relaxation process, but 
tendon will not elongate spontaneously to any noticeable extent, so 
that if all the reagent is washed out and the tendon returned to 
distilled water it remains ‘ set’ at a reduced length. Even under the 


most favourable conditions tendon never quite regains the opaque 
silky lustre it has when fresh, but remains translucent in patches ; the 
lustre returns temporarily when a regenerated tendon is stretched, but 


vanishes again when tension is released. 

Hair in cuprammonium can be set at any length in a similar way, 
by transferring it to water, which precipitates blue cupric ions in the 
fibre. If dilute sulphuric acid (1 per cent) is added the hair gives up 
copper, losing its blue colour, and at the same time returns to its 
original length. Whewell and Woods point out that the colour is 
only discharged as the original crystalline arrangement is restored. 
In acid the hair remains much swollen, but if transferred to distilled 
water it will return exactly to its original mechanical properties, and 
regains its original dynamic modulus. This spontaneous relaxation is 
presumably due to recrystallization, as Whewell and Woods suggest. 
They observed that the x-ray diffraction fibre-diagram was lost during 
contraction and reappeared on relaxation ; in a stretched hair it was 
the f-diagram which reappeared, suggesting that the nature of the 
seed crystal remaining determined the type of recrystallization. 

A tendon which has been set in distilled water at a length slightly 
below its resting length can support quite large loads, of the order of 
10 kg/sq cm, without great extension. If a small concentration of 
plasticizer is added the tendon extends faster, presumably because the 
plasticizer facilitates relative movement of the chains. 

At most concentrations of plasticizer, a contracted tendon will 
maintain tension indefinitely, at any rate for several days, without 
perceptible loss. In very strong solutions (¢ 2M mercury-potassium 
iodide) however, although the tension increases rapidly to a high 
value, it decays with time, and will show a decrease of about 1 per cent 


in half an hour. 


MUSCLE 


We may now turn to an examination of muscle. There is little 
evidence available to make possible a distinction between the two 
types of cycle. W6HLIscH*! has pointed out that the shape of the curve 
for isometric tension plotted against length (concave towards the load 
axis) is like the load/length curve of a rubbery material. Bui‘? has 
carried this comparison further, and has shown that the load/length 
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curve obtained from Ramsey and Street’s data for isometric tensions 
developed by a single fibre of frog muscle at different initial lengths 
is closely similar to that for rubber. 

Optical changes during activity— Both types of cycle require that the 
working substance should consist of long chain molecules which 
shorten by curling or folding, and it has been shown that muscle 
proteins fulfil this condition. In resting muscle, both form and 
intrinsic birefringence are strong, showing that a considerable pro- 
portion of the proteins are crystalline; this is confirmed by the 
x-ray diffraction diagram. ‘The form birefringence is positive with 
respect to the long axis of the muscle fibres, showing that the crystalline 
micelles are elongate bodies lying with their long axes parallel to the 
length of the fibres; this again is confirmed by the form of the 
x-ray diffraction diagram. When a muscle shortens, the birefringence 
decreases. It is probable that both form and intrinsic birefringence 
are affected, suggesting that the proportion of crystalline material is 
diminished (see review by FiscHer**). In the x-ray diffraction diagram 
the spots become slightly more diffuse and widen into arcs, but there 
is no change in their orientation, showing that although some of the 
crystalline material assumes a less orderly arrangement, the remaining 
crystallites keep their original alignment (AstBuRY®). The spacing 
of the interference spots in the diagram of resting muscle is like that 
given by unstretched hair (a-keratin), suggesting that the protein 
chains in the micelles are folded. When the muscle contracts they 
presumably fold closer still, but not in a way sufficiently regular to 
yield a reflection in the x-ray diagram. A resting muscle frozen in 
liquid air breaks into fibrous splinters when struck with a hammer. 
A contracted muscle gives a glassy fracture (MEYER?) 

The smallest structural units visible under the electron microscope 
in material from macerated muscles are fibrils about 150 A in diameter. 
In material from muscles fixed in the contracted state they appear to 
be shorter and thicker, but show no signs of bending or folding (HALL, 
Jakus and Scxmitr‘**), 

Temperature effects and heat exchanges— All these observations are 
consistent with either type of cycle. Contraction is evidently due to 
the folding or curling up of chain molecules, but there is nothing to 
show why they fold. Many people have tried to decide the question 
by measuring the temperature coefficient of isometric tension (dA/2T ), 
in active or resting muscle, supposing a positive coefficient to be 
diagnostic of an entropy cycle. This assumption would be justified if 


muscle were a heat engine, but for a chemical engine, although it 
probably is true, the connection is not at all an obvious one. For 
active muscle the position is further complicated by the effect of 
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temperature changes on the rate of the accompanying chemical 
reactions ; but bearing all these limitations in mind the evidence is 
perhaps more easily explained on the hypothesis of an entropy cycle 


than any other. 

HARTREE and Hiwi*® found that both resting and _ active 
muscle gave out heat when stretched, and according to RAMsEy, 
quoted by Butv*?, the thermal coefficient of isometric tension in single 
fibres of frog muscle is positive. For resting muscle, MEYER and 
PickEN*® have measured (04/7), by heating in a water bath, and 
find it positive ; their results have been confirmed, as to the sign of 
the coefficient at any rate, by RENkK and W6u.IscH*’, and by BucuTAL, 
KalIsER and Knappets.48 Observations of the heat exchanges accom- 
panying activity are difficult to interpret because they represent the 
sum of several physical and chemical processes, each absorbing or 
emitting heat in unknown quantities : any hypothesis of the mechanism 
of muscular contraction must be in accordance with the observed 
facts, but the facts as they stand do not immediately exclude either 
type of cycle. 

A crucial experiment— The most promising method remaining to 
decide between the two kinds of cycle seemed to be to compare the 
elastic properties and viscosity of muscle in both the resting and the 
active states. For this, the alternating stress machine already described 
was used. 

The muscle used was the anterior byssal retractor of Mytilus edults, 
which is a flat str f tissue about 30 mm long by 3 mm wide. The 
structure and histology have been described by FLETCHER*® and by 
NIEUWENHOVEN”™. The fibres run approximately parallel and extend 
from one end of the muscle to the other. The muscles were tied with 
a linen thread at both ends before they were cut out ; one thread was 
knotted close to the muscle so that it could easily be caught in the 
hook on the lower edge of the spring on the apparatus, and the other 
was left long, with a loop at the end to which was attached a 2 gm 
weight. The lower thread could be gripped between the muscle and 
the weight by a clamp C (Figure 12) which held it fast in one position. 
The greatest load imposed on the muscle by the spring when stretched 
by the eccentric was 10 gm. After dissection muscles were allowed to 
rest for at least 3 hours suspended in aerated sea water at 0° with a 
2 gm weight attached ; best results were obtained by leaving them 
overnight. 

The muscle could be stimulated through two electrodes, connected 
to the 220 v AC mains through suitable resistances. The upper 
electrode was a glass tube into which was sealed a platinum wire 
connected to the AC circuit. The position of the tube could be 
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adjusted, and it was arranged to deliver a fine stream of sea water 
on to the upper end of the muscle. The lower electrode was a strip 
of flannel soaked in sea water which was wrapped round the lower end 
of the muscle, and made contact with a silver plate connected to the 
AC circuit. 

The apparatus differed from that used by Winton? mainly in that 
it incorporated a quick-acting clamp, so that the muscle could be 
allowed to shorten isotonically before it was tested. 

The amplitude of the response given by a resting muscle depended 
on its initial length, being smaller the longer the muscle. This is a 
factor which it is difficult to control, because muscles are subjected 
to a variable amount of stretching during dissection. The most 
consistent results were obtained by stretching the muscle before each 
experiment, applying a load of about 20 gm by hand and maintaining 
it for one minute, by which time the first rapid elongation had ceased. 
This treatment had an effect, which persisted indefinitely, in decreasing 
the amplitude given by a resting muscle when subsequently tested 
under a residual load of 2 gm. The effect was abolished by contraction 
of the muscle, and it was found that the properties of active muscle 
were not affected by previous stretching. 

Apart from the persistent effect of stretching, the dynamic modulus 
of both resting and active muscle at any frequency decreases with 
This effect does not persist when the tension is 
released, and is simply a conse- 
quence of the fact that the load/ 
length curve for both active and 


increasing tension. 
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j resting muscle is concave towards the 
load axis. Similar effects have been 
described in detail by BucHTALt, 
KalsER and Kwnappeis*® in single 
fibres from frog muscle. The mag- 
nitude of the effect can be seen from 
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Figure 25. Effect of tension on the dynamic modu- 

lus of Mytilus anterior byssal retractor muscle, 

Srequency o-1 cycle/sec. From right to left: | 

resting unstretched, 2 resting stretched, 3 resting 

after stretching, 4 stimulated by AC, isotonic, 5 
same, isometric 





Figure 25. 

In Figure 26 are shown tracings 
obtained in response to an oscillat- 
ing tension at o-1 cycles per second 
from a Mytilus anterior byssal re- 
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Figure 26. Response of Mytilus anterior byssal 
retractor muscle to oscillating tension at o-1 
cycle/sec. From right to left: | resting unstretched, 
2 stretch, 3 resting after stretch, 4 stimulated 
by AC, isotonic, 5 resting after stimulation, 

6 stretch, 7 resting after stretch 


tractor. It will be seen that there 
is an increase in the amplitude of 
the response (decrease of dynamic 
modulus) when the muscle is active, 
and that immediately after stimula- 
tion the amplitude is large and the 
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slope of the base steep, so steep in fact that it is difficult to obtain reliable 
readings. After stretching, the muscle returns to its original con- 
dition. Figure 27, taken at a lower frequency, shows a larger increase 
in amplitude on stimulation, and also exhibits, better than Figure 26, 
the characteristically steep slope of the base line in active muscle. 

Variation of amplitude with fre- 
quency was found to be very much as 
described by Winton. The amplitude 
given by active muscle drops rapidly at 
a frequency between 1 and 0-2 cycles 
per second, and above this range shows 
only a slow decrease with increasing fre- 
quency. The amplitude given by active 
muscle reaches a maximum at about 
0-02 cycles per second, while that of 
resting muscle is still increasing slowly 
at this frequency. At frequencies much 
above 1 cycle per second the amplitude 
given by active muscle is less than that 

2 | given by resting muscle (Figure 28). 
Figure 27. As Figure 26, but frequency A similar series of experiments were 
0°05 ovles/sec : I resting after stretch, 2 tried on frog’s muscle, pairs of sartorius 

stimulated by AC isotonic é 

muscles, and single gastrocnemius 

preparations. The sartorius muscles were suspended above by a thread 
passing through the bone of the acetabulum and below by a thread 
tied round short pieces of femur which were left attached. The gas- 
trocnemius preparations gave similar results to the sartorius muscles, 
and were used for all later experiments because they were more con- 
venient. Both muscles were stimulated direct by AC stimuli of intensity 
just sufficient to cause a full response. The electrodes were the same 
as for experiments on Mytilus muscles, except that frog Ringer was 
used instead of sea water. 

The results are like those obtained with Mytilus. Figure 29 shows a 
tracing from a gastrocnemius at 1-0 cycle per second ;_ as with Mytilus 
muscle there is a pronounced decrease in the dynamic modulus on 
stimulation. Variation of dynamic modulus with frequency was 
investigated, but it was found that the critical range of frequencies 
for active muscle lay above the highest frequency of which the 
apparatus was capable (4 cycles per second). At frequencies from 
4 to o-2 cycles per second there is little change of amplitude with 
frequency for either active or resting muscle (Figure 30). Passive 
stretching has the same effect on the subsequent behaviour of resting 
muscle as it does in Mytilus. 
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This picture can be com- 
pleted by reference to the 
work of BucHTAL, KAISER 
and KwnNappeis*® who have 
measured the dynamic 
modulus of single fibres 
from the  semitendinosus 
muscle of the frog over a 
wide range of frequencies. 
They find that the lower 
limit of the critical range for 
active fibres lies between 2 
and 6 cycles per second. 


The dynamic modulus of 


resting fibres was still equal 
to twice the static modulus 
at the lowest frequency in- 
vestigated, namely 05 
cycles per second. As in 
Mytilus muscle, the dynamic 
modulus of active muscle is 


slightly greater than that of 


resting muscle at all fre- 
quencies above the critical 
range of active muscle. 














Figure 28. Variation of 
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Assuming that the behaviour of semitendinosus fibres is not very dif- 


ferent from that of gastrocnemius 








muscles, this gives a picture of the 
variation of dynamic modulus with 


frequency for frog muscle like that 





Figure 29. Response of a frog gastrocnemius to for Mytilus muscle, except that the 


oscillating tension at a frequency of 1 cycles/sec. ° ad Bae qa hi — 
g ten: Srequency of 1 ¢ : . ange at a higher fre- 
From right to left : resting after stretch and during critical 1 ange is at a o 


stimulation by AC 


quency. 


INTERPRETATION OF RESULTS 
* Potential’ hypothesis— In its simplest form, the ‘ potential’ hypothesis 
leads one to expect an increase in dynamic modulus at all frequencies 
when a muscle contracts ; it can only be adapted to explain a decrease 
by making it more complicated. A decrease in dynamic modulus on 
stimulation could be explained for example if all the load were taken 
by a relatively inextensible sarcolemma or by connective tissue in the 
resting muscle, and only came on to the contractile mechanism when 


the muscle shortened. 
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There is no doubt that in a muscle such as the frog gastrocnemius 
there is a good deal of connective tissue in parallel with the contractile 
mechanism, and the importance of the sarcolemma is suggested by 
the observations of RAMsEY and StrReEET®! on single fibres from frog’s 
muscle. They found that the elastic modulus of a whole fibre was not 
affected if the cytoplasm was damaged locally, even to the point of 
being completely interrupted, provided the sarcolemma was intact. 
This result seems to prove too much however ; even a stocking full of 
sand would become more extensible if the sand was arranged to leave 
a gap in the middle. SicHeL®? has measured the extension of short 
lengths near the damaged part, marked by specks of carbon, and he 
finds that where the cytoplasm is interrupted the empty sarcolemma 
is on the average twice as extensible as an intact fibre. The cytoplasm 
near the injury coagulates, and seems to become considerably less 
extensible, as a length containing coagulated lumps as well as empty 
Jengths of sarcolemma may have nearly the same overall extensibility 
as an intact fibre. Ramsey®? has criticized Sichel’s work on the 
ground that extension may have been due to tearing of the fibres 
by the needles used for attachment, but this objection is not 
valid as the gauge length was not in fact in contact with the needles 
at all. 

In Mytilus muscles the sarcolemma is thin, and there is no connective 
tissue visible in cross section. If the muscle is loaded by a weight of 
more than about 5 gm it extends indefinitely until it breaks, so that 
if the sarcolemma does take the load it must be plastic, like the 
material it encloses. The viscosity of resting muscle is certainly not 
so high as to be beyond the capabilities of the muscle proteins; the 
viscosity of muscle in contracture, or in rigor in the shortened con- 
figuration, may be higher than that of resting muscle. 

For Mytilus muscle at any rate, it must then be admitted that the 
mechanical properties of muscle are essentially those of the muscle 
proteins, and if so the viscosity of the proteins must decrease on con- 
traction. To reconcile this conclusion with any form of ‘ potential ’ 


hypothesis requires further elaboration in the molecular mechanism 


proposed. AstrBury®‘ supposes that the protein chains, or rather grids 
formed of aggregates of chains, are subjected to two sets of forces ; 
strong lateral attractions which hold them together in the folded 
configuration, and another, weaker, set of forces which tend to fold 
them more tightly still. On stimulation the former are abolished 
and the chains fold more tightly. This hypothesis is open to the 
general objections discussed on p 232, and it fails to explain why the 
load/length curve of active, as of resting, muscle should be concave 
toward the load axis, or why the dynamic modulus of active muscle 
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should be higher than that of resting muscle at frequencies above the 
critical range but less at frequencies below it. 

BucuTaAc*> explains this last difficulty by supposing that the muscle 
is a diphasic system ; a continuous but porous contractile element, 
impregnated with a viscous fluid. This is also the hypothesis on which 
Winton®? interpreted his results. It will account for most of the 
facts, but like all spring and dashpot hypotheses, it fails to explain 
why an increase of intermolecular forces in the contractile element 
should be accompanied by a decrease in the viscosity of the fluid part. 

* Kinetic’ hypothesis— The ‘kinetic’ hypothesis seems to offer a 
simpler and more complete explanation than any other. The decrease 
in viscosity on stimulation, and the variation of dynamic modulus 
with frequency are as expected, both for Mytilus and frog muscle. 
The reversible increase in dynamic modulus with increasing tension 
in both active and resting muscle is typical of rubbery materials, as 
has been pointed out by W6u.IscH*! and by Buti**. The only detail 
not immediately accounted for is the increase in dynamic modulus at 
frequencies above the critical range observed on stimulating both 
Mytilus and frog’s muscle. The change is small compared with the 
decrease observable within the critical range, and although on the 
kinetic hypothesis it is not immediately concerned in the production 
of tension, it is an interesting clue to the changes in the muscle 
proteins. At frequencies above the critical range the rotation and 
uncurling of chains is largely suppressed, and extension is due to 
stretching of the chains themselves, so that changes in the dynamic 
modulus must be a consequence of changes in the stiffness of the 
chains rather than of differences in the forces between them. If 
plasticizer molecules become attached to several consecutive polar 
groups along the protein molecules, it seems reasonable to suppose 
that they may reinforce the chains and make them less extensible. 

According to the kinetic hypothesis, the sequence of events in a 
stimulated muscle is as follows. At rest the proteins are in a partially 
crystalline condition, aligned parallel to the long axis of the muscle. 
Even in the non-crystalline parts, intermolecular attractions are strong, 
so that no tension is exerted, and the dynamic modulus is high. 
Stimulation causes the liberation of a plasticizer, as a working hypo- 
thesis let us suppose adenosine triphosphate atp, which is strongly 
adsorbed on to the proteins and reduces the attractive forces between 
chains ; as the strength of intermolecular attractions decreases, the 
tension increases. ‘The dynamic modulus at frequencies near the 
critical range of resting muscle decreases as the critical range shifts 
toward higher frequencies. 

In the resting muscle we must suppose that adenosine triphosphate 
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is present, but for some reason is not available to the muscle proteins ; 
ions necessary for its action may be lacking, or the atp itself may be 
bound at a polar membrane. Stimulation by alternating current 
breaks down the polar membrane, or otherwise sets free ATP, which 
is adsorbed on to the proteins. Almost immediately after being 
adsorbed atp is decomposed by an enzyme closely associated with 
the proteins (MEYERHOF*®®) into products which are no longer capable 
of remaining adsorbed or of acting as plasticizers. When a muscle is 
in a state of sustained activity, ATP is continuously resynthesized by a 
process involving, ultimately, the oxidation of glucose; as each 
molecule is broken down and comes off the protein it is replaced by 
another, so that the concentration of adsorbed ATP is maintained. 
When the stimulus ceases, the polar membrane is reconstituted and 
has the effect of immobilizing a proportion of the resynthesized arTp, 
so that the concentration falls. 

This cycle differs from the model described above in that, during 
extension, plasticizer is destroyed by a chemical reaction instead of 
being removed by dilution ; before the cycle can be repeated the 
plasticizer must be resynthesized. As with tendons in mercury-potassium 
iodide, the immediate source of energy for contraction is an increase 


in the entropy of the protein chains. If we consider a complete cycle, 


the ultimate source of energy is a decrease in the chemical (potential) 
energy of the arp. If destruction of the plasticizer is complete, the 
difference between the two working concentrations may be large, so 
that the efficiency of the cycle may be correspondingly high. 

If the activation energy for adsorption is higher in the crystalline 
than in the amorphous regions of the protein, ATP will tend to 
accumulate, as the concentration falls, in parts of the chains which 
have not yet crystallized, and by maintaining free mobility of the 
non-crystalline parts it will promote rapid crystallization. ‘The rate 
of crystallization will be increased by any applied force that tends to 
align the chains parallel. 

If contraction is due to a weakening of attractions between chains, 
relative movement of chains will be facilitated during activity, and 
molecular orientation will deteriorate. As the angular distribution 
approaches a condition in which there are an equal number of links 
in every direction, the tension will decrease to nothing. Orientation 
can only be restored by a renewal of the process of crystallization. 

Most muscles possess some power of regaining their resting length 
without any applied load, although its extent seems to have been 
much exaggerated. If this power is due to crystallization, it must 
involve seed crystals in the form of crystalline micelles or active 
surfaces which have survived the process of contraction. If not 
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opposed by any load, contraction may go so far that all the seed 
crystals are melted, and relaxation becomes impossible unless the 
muscle is stretched. This would seem to be the explanation of the delta 
state observed in single fibres by Ramsey and Srreet®! or of the ‘ waxy 
degeneration ’ of earlier authors (see review by HonckE®”), 


VISCOUS-ELASTIC PROPERTIES 
AND HEAT EXCHANGES OF MUSCLE 


Muscles appear to possess a fairly high internal viscosity, and they 
exhibit what seems to be typical viscous-elastic behaviour in response 
to sudden changes of load. Hill, Fenn, and others studied the effect 
that internal viscosity might be expected to have on the rate at which 
muscles could do mechanical work, and they found that in a general 
way the mechanical effects were consistent with the idea that the 
contractile elements worked against a viscous resistance. The faster 
a muscle shortened, the less mechanical work it could do, presumably 
because a higher proportion of the available energy was dissipated in 
overcoming viscosity. The relation between speed and load was found 
not to be linear, but this is not in itself a fatal objection to the theory, 
being a characteristic shared with many other high polymers. 

Measurements of the heat exchanges of contracting muscle did not 
agree with this simple theory however. In 1923, FENN®’ showed that 
the total energy production (heat + work) of a muscle was greater 
when it was allowed to shorten than when it was made to contract 
isometrically, and in 1935 FENN and Marsn®® showed that it was in 
fact impossible to account for both the heat exchanges and the 
mechanical properties of muscle on the basis of a simple viscous- 
elastic model. They suggested that the observed relation between 
rate of contraction and the amount of work done depended on a 
fundamental property of the contractile mechanism, which developed 
‘ shortening energy ’ less rapidly at low loads. H1ti**4 has developed 
this theory further, and has made it more exact, basing his conclusions 
on the results of very accurate measurements of temperature changes 
in active muscle. 

Hit®! analyses the heat production of an isotonic muscle twitch 
into two components ; an ‘ activation heat’ which is approximately 
constant under all conditions, and ‘ heat of shortening’. The rate at 
which heat of shortening is evolved varies inversely with the load, but 
the total amount depends only on the distance through which the 
muscle shortens. He can find no evidence®? for the existence of any 
‘heat of relaxation’. In a sustained tetanic contraction there is a 
steady evolution of ‘ maintenance heat ’. 
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To interpret these observations in the light of our findings on the 
behaviour of a tendon in Thoulet’s solution, we must suppose that 
the heat given out represents heat of adsorption of plasticizer. 
‘Activation heat’ then corresponds to the ‘latent uptake’ and 
‘heat of shortening’ to the extra uptake associated with shortening. 
The existence of maintenance heat is due on this hypothesis to a 
continuous cycle of decomposition, removal, resynthesis, and re- 
absorption of plasticizer. According to MeryYERHOF®® the only 
important source of heat is the splitting of arp because the heat 
exchanges of the other reactions in the glycolysis balance out. The 
total turnover of plasticizer in this cycle will depend on the amount 
adsorbed at any one time, and should be increased when more is 
taken up, so that the rate of production of ‘ maintenance heat’ should 
be greatest at low loads. When the stimulus ceases, plasticizer 1s 
progressively removed from circulation as it is resynthesized, so that 
the cycle comes to an end and the production of maintenance heat 
shows an immediate decrease. 

In a tendon contracted in Thoulet’s solution, an increase in tension 
expels plasticizer, and should be accompanied by a heat exchange 
corresponding to the heat of adsorption, but of the reverse sign. This 
effect is not to be expected in such a simple form in muscle, because 
plasticizer is not removed by dilution but by chemical destruction. 
The rate at which plasticizer is destroyed is not necessarily affected 
by an increase in tension, but if tension is increased the equilibrium 
content of plasticizer will be diminished, and plasticizer will be taken 
up as it is resynthesized in reduced amount, according to the new 
equilibrium conditions. The final effect of an increase in tension will 
thus be the same as in the tendon model ;_ the amount of adsorbed 
plasticizer will be decreased, and the strength of the intermolecular 
attractions increased, thus increasing the internal energy, and resulting 
in an absorption of heat. HILi’s measurements®® showed a decrease 
in the ‘ maintenance heat’ when a muscle lengthened slowly under a 
load just too great for it to support, and he has since found® that 
some of the work done on the muscle does not reappear as heat. 

The mechanical effects of sudden change of length in an active 
muscle, as described by Gasser and Hiiv®*, are like those which 
follow similar changes in a contracted tendon. A slow stretch causes 
a slow rise in tension direct to the new equilibrium value. A rather 
faster stretch, complete in a matter of a tenth of a second, will cause 
an increase in tension to a value above the new equilibrium, followed 
by a slow decline to the final value. This may be accounted for as 
an adiabatic stretch followed by a decrease in tension as the plasticizer 
content adjusts to a lower value. For still faster stretches a new 
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factor comes in ; the muscle appears to yield ‘ like a wire stretched 
beyond its elastic limit’. The tension at first rises, then sinks back to 
its original value or even below (SEEMANN®’) and finally recovers 
to the new equilibrium, tension increasing with time in the same way as 
it does in a twitch. This behaviour can be explained if it is supposed that 
during rapid extension, the tension rises above the equilibrium tension 
for the new length. It seems probable that it does, because the viscous 
resistance of an ‘imperfect rubber’ to rapid extension may involve 
large forces derived from potential energy changes (see pp 225, 226). 
If the tension rises high enough, the plasticizer content will tend to 
fall during extension, and may reach a level below that appropriate to 
the new length. Tension at the new length would then start below 
the equilibrium value, and could only increase as more plasticizer 
diffused in. 

This effect can only be shown by systems capable of rapid adjustment 
of plasticizer content, so that a sufficient loss of plasticizer can take 
place during the very short period for which the tension is high. In 
a muscle, the controlling factor will be the rate at which plasticizer is 
destroyed, which is in general high. For a system relying entirely on 
diffusion, the cross section of the fibres would have to be very small 
in order that diffusion might be fast enough. It is not surprising 
therefore that the transitory drop in tension could not be produced in 
tendon by any rate of stretching the author could devise. 

The muscles of different animals differ in their response to a quick 
stretch. As a general rule, very slow muscles such as those of 
Holothuria (HiLtiL®), or the lantern muscles of Echinus (Levin and 
Wyman®?®) do not show the transitory drop in tension, while rather 
faster muscles such as frog’s sartorius (GAssER and HrLx*®), tortoise 
biceps cruris or the claw muscles of Maia (Levin and Wyman®®), do 
show it. Dogfish jaw muscles, examined by Levin and Wyman, seem 
to be an exception in that they are reasonably fast, and yet do not 
show the effect. These differences may perhaps be explained as 
resulting from differences in the rate at which plasticizer is broken 
down. From a functional point of view one would expect it to be 
broken down more slowly in slow muscles than in fast muscles capable 
of rapid relaxation. HumpHrey” has examined myosin from Maza 
dogfish, and a clam, Mya, and finds that their activity in decomposing 
ATP decreases in that order. 

Hit_™ observes that the yielding of muscles under high loads is 
accompanied by the evolution of heat nearly equivalent to the work 
done : a similar evolution of heat accompanies the forcible extension 
of a muscle after the stimulus has ceased. In this the muscle is 
behaving like a simple rubbery solid, as would be expected if all the 
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plasticizer had been expelled, so that the situation was no longer 
complicated by negative ‘ heat of desorption ’. 

Rate of shortening ; isobaric changes— The heat of shortening, as we 
have seen, is proportional to the distance x through which the muscle 
shortens. If the load on the muscle is A, the total energy in excess 
of that liberated in an isometric contraction is A(a + x), where a is 
a constant defining the ‘ shortening heat’ per unit distance. The rate 
at which extra energy is liberated (A + a)dx/dt is found to be pro- 
portional to the amount by which the load falls short of the isometric 
load, Ay. Taking dx/dt = V 

K+ a)V = (Kk, — &) 
where 4 is a constant defining the increase in the rate of energy 
liberation per unit decrease in load. This equation can also be 


written as 
K+a)(V+6)=(K,+a)b constant 


From these equations HitL® shows that both the relation between 
rate of shortening and work done, and the rate of increase of tension 
in an isometric contraction can be deduced. Ramsey®* has pointed 
out that by themselves the equations do not set any limit to the extent 
of shortening possible, nor imply that the rate of shortening decreases 
with decreasing length, as it clearly does. These omissions do not 
however affect the application of the equations under the conditions 
originally specified ; small changes of length, involving no great 
changes of load. 

We have already seen that tendon contracting in a solution of 
mercury-potassium iodide shows a similar relation between load and 
rate of shortening. In fact this type of relation follows if the rate of 
contraction depends on the rate at which plasticizer can diffuse into 
the working substance, as already discussed. 

The value of Hill’s constant a is an expression of the specific heat of 
absorption of the plasticizer on to the proteins. Hill’s constant 6 seems 
to be a hybrid, whose value depends both on the rate of diffusion of 
plasticizer and on the rate at which it is destroyed ; the high 
temperature coefficient Q 1) = 2°05 is more suggestive of a chemical 
reaction rate than of a diffusion constant. Conditions in the tendon 
model are simpler in this respect. 

When extending under loads greater than the isometric tension, 
muscle no longer obeys the same relations between speed and load 
as it does when shortening (Katz7!). In this it agrees with tendon in 
mercury-potassium iodide, and much the same explanations apply, 
except that in muscle we are not concerned with the loss of plasticizer 
by diffusion, but with the rate at which it is destroyed by chemical action. 
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If the rate of contraction is determined by the rate of diffusion of 
a plasticizer, we should expect it to vary approximately with the 
square of the fibre radius (Hiti7*). On this relative basis, Mytilus 
byssal retractor is slower than vertebrate striped muscle, but faster 
than tendon in 0'5M 
mercury-potassium 
| ‘Ties ste reach iodide. Approximate 
Radius r | half isometric /r* figures are given in 

mm tenston (sec Table L 
Tendon in 0-5M mercury Adiabatic viscous- 


potasstum todide a 1,800 200 


ot, a rt ioe ar 
Mytilus byssal_ retractor * 008 ovr 000 elastr effects Apart 


) 


Table I. Rate of Contraction of Different Muscles 








Frog sartorius?? . . i 0-2 80 from changes involv- 
Kitten internal rectus 7* .. 0004 | 40 





ing gain or loss of 





plasticizer comparable 
to isothermal changes in a thermal system, muscle also exhibits true 
adiabatic viscous-elastic behaviour of the type shown by monophasic 
systems (p 224). The adiabatic changes are faster than isobaric 
changes, and it is with them that we are mainly concerned in the 
alternating stress measurements described above. The distinction 
between the two kinds of strain is well shown by frog’s muscle. 
Careful measurements have been made by Petir’® of the rate at which 
an active frog sartorius responds to a sudden change of load, and he 
finds that the adjustment requires 
a time of the order of a second. 
The author’s curves for the varia- 
tion of dynamic modulus with fre- 
quency show the expected small 


change in this region (Figure 30). 








These are presumably isobaric 
changes. The critical frequency of 
frog’s muscle, at which there are 
much greater changes in dynamic 
modulus, lies at frequencies of about 
8 per second ; this is presumably 
associated with adiabatic changes. Figure 30. Variation of dynamic modulus of frog 

In this connection it is relevant  $@#7oenemtus muscle with Ab sf Aina gre 
to examine the findings of GaAssER Nis alka aia iain 





and Hiti**, They measured the effect of a muscle in damping out 
the vibrations of a steel spring, and found that the damping coefficient 
of the active muscle was sixteen times greater than that of a resting 
muscle. In discussing their results they assume that the increase in 
damping coefficient must correspond to an increase in viscosity, but 
this is only true over a limited range of viscosities. If the viscosity is 
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so high that the relaxation time is long compared with the duration 
of one cycle of oscillation, an increase leads to a decrease in damping, 
because the material behaves more like a glass than a viscous liquid. 
Viscosities high enough to show this effect are common, indeed usual, 
among high polymers; it has been found for example that rubber 
antivibration mountings in aircraft become less effective at very low 
temperatures because of the increase in the viscosity of the rubber. 
To judge from Buchtal’s results on single fibres from the semitendinosus 
muscle, the frequencies at which Gasser and Hill worked (6 to 8 cycles 
per second) are at the upper limit of the range over which a decrease 
in dynamic modulus might be expected on stimulation. It is significant 
that HoGpen and Pinuey’‘, who repeated these experiments at a 
slightly higher frequency range (9:7 to 14:7 cycles per second) could 
not find any difference between active and resting muscle. 

Fast and slow muscles—On the potential hypothesis there is no 
reason why a muscle should not maintain a tension indefinitely, but 
from the kinetic hypothesis it appears that the same change that 
produces tension must also promote its decay, because the low internal 
viscosity associated with a high tension promotes the decay of the 
molecular orientation on which the tension depends. 

This relation is well shown in inanimate systems in both chemical 
and thermal cycles. Tendons in mercury-potassium iodide will 
maintain a tension for weeks at low concentrations of the reagent, 
but at very high concentrations (2m and upward) the tension, though 
great at first, decays with time. Analogous behaviour is shown by 
nylon filaments in hot water; tension increases with increasing 
temperature above the rubbery melting point, but at temperatures 
above 80°C the decay of tension at constant length through plastic 
flow is so fast that the apparent value of the thermal coefficient of 
tension falls off (see Figure 8). 

If a muscle retains a comparatively high internal viscosity (high 
value of m, p 224) during activity, the load developed will be small, 
but will decay slowly, and the muscle will oppose sudden applied 
loads by a large viscous resistance. This condition might be brought 
about either by having a low concentration of plasticizer, or by the 
presence of intermolecular linkages of a type not affected by the 
plasticizer. Muscles whose function it is to give tonic contractions 
probably have stronger intermolecular linkages than fast muscles. 
This is shown by differences in their dynamic moduli. For example, 
the lower limit of the critical range of frequencies for active Mytilus 
byssal retractor muscles is about 0-5 cycles per second, whereas the 
corresponding figure for single fibres from the frog’s semitendinosus 
is between 2 and 6 cycles per second (BucuTaL, KatserR and 
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Knappeis*®), and for whole frog gastrocnemius more than 2 cycles 
per second. 

If full advantage is to be taken of the possibilities of a slow muscle 
for the economical support of loads, the rate at which plasticizer 
is broken down must be slow. It must correspond in fact to the 
rate at which tension would decay by viscous flow if plasticizer were 
not destroyed at all. Differences in the way in which fast and slow 
muscles yield under high loads suggest that this is so. 

The study of their mechanical properties suggests that smooth and 
striated muscle fibres differ in degree rather than in kind, and that 
the striations are probably not a necessary part of the contractile 
mechanism. If contraction is caused by a substance diffusing into the 
middle of the fibre from the outside, the outer layers will contract 
first, and may expend some of their energy in shortening the core by 
making it buckle. In elastoidin fibres plunged into mercury-potassium 
iodide, shear forces set up in this way between the outside and the 
inside may be strong enough to splinter the fibre (Scumipr**). It 
seems possible that the function of cross striation may be to eliminate 
tension gradients across the fibres ; instead of diffusing in from the 
outside, the plasticizer diffuses up and down, becoming concentrated 
in the isotropic discs during rest and diffusing into the anisotropic 


discs on stimulation. If the plasticizer concerned is indeed adenosine 
triphosphate, this idea receives some support from the work of 


CASPERSSON and THORELL”® and of ENGstr6M*® who have shown that 
both nucleotides and phosphate are concentrated in the isotropic 
bands in resting muscle. 

Tonus— Even slow muscles are not capable of sustaining loads 
indefinitely, in the way that may be necessary to maintain postural 
tone, and various special mechanisms have been evolved to fulfil this 
function. 

In vertebrates postural tone is maintained in vivo by rapid asyn- 
chronous alternations of rest and activity in individual fibres, allowing 
to each intermittent periods of rest, while maintaining the mean 
tension on the muscle as a whole. Jn vitro, and probably in vivo too, 
the maintenance of a tetanic contraction is facilitated by fatigue, 
which tends to increase intermolecular attractions, thereby diminishing 
the maximum tension but extending the length of time for which it 
can be sustained. The effect is probably due to a rapid reduction in 
the concentration of available arp resulting from a decrease in the 
rate of resynthesis. 

HarTREE and Hity*® showed that the rate of heat production 
associated with the maintenance of a steady tension in frog sartorius 
muscle was decreased after previous activity. Bronx’? and Fenc’$ 
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repeated and extended these results, and showed that in a prolonged 
tetanus the heat production to maintain a given tension might be 
decreased by a factor of five. Bronk’® described a similar effect from 
the adductors of the claw of a crustacean Maia and Boz.er*® has 
found an even greater effect (decrease in the heat production required 
to maintain a given tension of between six to ten times) for the buccal 
retractor of Helix. The effects of fatigue seem to be most conspicuous 
in thick muscles, in which deficiency of oxygen and accumulation of 
metabolites would be expected to be most severe. In single fibres the 
effects of fatigue are so slight as to be difficult to detect (RAmsEy®), 
The author has investigated these effects on the alternating stress 
machine and found, as might be expected, that the slowing of the muscle 
associated with the increased economy with which it can maintain a 
tension is associated with an increase in dynamic modulus and a 
decrease in plastic flow. Figure 31 shows trac- 
ings obtained in a series of short tetani from 
a frog gastrocnemius. It may be compared 
with the records given by H1Lx®!, which show 
a marked decrease in the rate of relaxation for 
successive twitches of a frog gastrocnemius. 
Mytilus muscle shows a similar effect. A muscle 
from an animal in bad condition, or one 
which has been fatigued by repeated stimula- 
tion, contracts more slowly than a healthy Figure 31. Superimposed tracings 
muscle and relaxes much more slowly. The aide Ae wakike aes 
maximum tension that it can exert in an__ in order numbered, frequency o-1 
isometric twitch is reduced, but the period ig hie prep asa 
for which tension can be sustained is in- , 
creased. Any muscle can be reduced to this condition by repeated 
stimulation over a period of two or 
three minutes, particularly if not 
well irrigated ; the muscles of 
animals which have been kept for 
some months in the aquarium are 
generally like this. At frequen- 
cies below the critical range their 
dynamic modulus is high during 


, . : activity in extreme cases even 
Figure 32. Tracing from a fatigued Mytilus va fs : ay i 
byssal retractor muscle, Srequency 0-05 cycles| sec. higher than their resuing modulus, 


From right to left : resting after stretch, and stimu- and after the cessation of the stimu- 


lated by AC, isotonic. The two peaks at the right ‘ é 
of the second record show where the tension has lation may take up to 30 minutes 
been allowed to develop, and has been released instead of about 1 minute to return 


before testing. Note small amplitude in active é ; P 
muscle, imposed on a rising base line toa typical resting value. The actual 
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process of contraction may extend over a period of about 30 seconds, 
so that it is possible to impose several cycles of alternating tension 
before it is complete. If this is done a tracing is obtained in which the 
usual variations in length are superimposed on a base line showing 
increasing tension (Figure 32). As this kind of fatigue is best developed 
in muscles which are not irrigated during stimulation, the paradoxical 
situation arises that a muscle can support a load for a longer time under 
bad conditions than under good. 

Except that it is reversible, this condition is like rigor mortis as 
described by Bare Smiru and BENDALL.*? These authors find that 
the development of rigor depends on the absence of Arp rather than 
on the presence of lactic acid. The development of rigor corresponds 
in time with the disappearance of arp, and is particularly rapid in 
the muscles of animals that have died in hypoglycaemic convulsions 
after injection of insulin. 

The physiological rigor caused by fatigue probably forms the basis 
of what Jordan and his school call viscous tonus and is an important 
factor in the working of most mollusc muscles. The circulation of 
blood in and around muscles such as the adductors of the shell or the 
byssal retractors of Mytilus is sluggish, and metabolites will probably 
accumulate after a short tetanus. BozLer®® has shown that a slight 
increase in the concentration of carbon dioxide very much increases 
the viscosity of Helix muscles. 

Contractures— Physiological rigor is not the only way in which 
muscles can support loads without a large expenditure of energy. If 
stimulated by DC, Mytilus muscles shorten in the immediate neigh- 
bourhood of the cathode (FLETCHER*®) and remain short for as long 
as the current flows. When the current is cut off, relaxation is slow, 
but is accelerated if the muscle is given a short stimulus by AC. 
Winton®® has investigated the dynamic modulus during this type of 
activity, and finds that it is intermediate between that of resting 
muscle and of muscle stimulated by AC, which elicits a normal twitch. 

In order to investigate the effects of DC the same apparatus was 
used as before, with 120 v DC mains substituted for the 220 v AC 
mains. The same electrodes were 
used, making the stream of sea water 


se, A_)JrH eS ‘3 from the upper electrode the cathode. 
B 





Under these conditions the muscle 











A appeared to shorten all over without 
Figure 33. Effects of stimulation by DC and any obvious local swelling like that 
AC on anterior byssal retractor of Mytilus has . ; . 
edulis. From right to left: A DC contracture described by fF letcher, who used 


terminated by a short burst of AC stimulation, contact electrodes. 


B the same, followed by a short burst of AC 
stimulation 


Figure 33 is a record of typical 
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contractions obtained by DC stimulation, and shows how a short 
burst of AC stimulation encourages relaxation. Figure 34 shows 
the amplitude of the response to alternating stress of resting muscle, 
and of muscle stimulated by both DC and AC. These results agree 


well with Winton’s. 
The local contractures described 


by Fletcher were not accompanied by 

propagated electrical disturbances, 

| ba but only by depolarization in the con- 
Wan ow |_| tracted region ; it seems probable 


that this type of contracture may 
always be associated with lasting 











Figure 34. Effect of DC stimulation on the depolarization of parts of the 
ee ailbgatrcgtee muscle membrane. The changes in 
From right to left: resting unstretched. stretch, mechanical properties could be ac- 
en DC "counted for if arp were liberated 
ms : in the normal way, but was then 


rapidly immobilized, leaving the proteins deprived of ATP in the 
contracted configuration. One way in which this might come about 
is by the persistence of the polar membrane over parts of the muscle 
surface and its destruction in others. Free Arp would tend to diffuse 
out of the active regions to become fixed at the membrane, and being 


thus rapidly deprived of plasticizer the contracted regions would go 
into a local rigor. Stimulation by AC would set up a propagated 
electrical disturbance which would break down the membrane over 
the whole surface, so that the proteins would be flooded with arp all 


over the muscle, and relaxation could proceed normally. 

Stimulation by DC is of course an artificial condition, but it seems 
possible that a similar effect occurs in nature in response to local 
depolarization at the end of the motor nerve. Contractures involving 
similar mechanical phenomena have been observed in the muscles of 
molluscs, but in the absence of any measurements of electrical potentials 
on the muscle surface it is difficult to distinguish such contractures 
from the effects of fatigue. JORDAN and Postma’ have shown that 
electrical stimulation of the pedal ganglion within a certain range of 
intensities Causes an increase in the viscous tonus of the foot of Helix, 
and NIEUWENHOVEN®” has shown the same thing for the byssal re- 
tractors of Mytilus. 

In crustacea, similar contractures have been described, and it 
has been demonstrated that they are not associated with any propa- 
gated electrical disturbance (MARMoNnT and Wiersma 84; Karz and 
KurrLer®*). The contractions are slow and are confined to narrow 
bands near the point of entry of the motor nerves ; Katz and Kuffler 
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have described the appearance of local swellings. The contractures 
are abolished by a single propagated twitch. The muscles are also 
capable of normal fast twitches which are accompanied by a propa- 
gated electrical disturbance of the usual kind. The two types of 
contraction, fast and slow, described by Princie*® for the leg muscles 
of the cockroach, probably depend on a similar mechanism. The 
arthropods have exploited this alternative kind of contraction for the 
production of tonus ; a development which has made possible the 
evolution of muscles with a very low internal viscosity, capable of 
giving a rapid twitch followed by extremely rapid relaxation. 
Vertebrates seem to possess a comparable system in the small motor 
nerves described by KuFFLER and GEeRARD§’. According to KUFFLER, 
LaporTE and RANsMEIER®® the local contractures produced at the 
nerve endings of the small nerve system in the frog contribute to the 
production of tone, but there does not seem to be any reason to doubt 
the usual view that postural tone in vertebrates is maintained for the 
most part by a modified tetanus. This must set a limit to the 
development of very fast muscles, because any increase in the speed 
at which skeletal muscle can contract and relax entails a corresponding 
increase in the energy required for the maintenance of postural tone. 
On comparing these mechanisms for the economical support of 
loads with what we know of the production of set in contracted 
tendon, it appears that their essential common feature is that the 


concentration of plasticizer is reduced suddenly, whereas in normal 
relaxation it is reduced slowly. 

Latency relaxation— If a muscle under a small load is stimulated, it 
At approximately constant 
length the tension falls by an amount corresponding to about 1/1,000 
of the full isometric tension ; the whole effect 
SANDOW®? ; 


lengthens slightly before it contracts. 


? 
——X—__—___ 
seconds 


occupies about 0-0! 
Assot and RircuHie”), 
As has been described above 
similar relaxation can be observed in tendon, 
where it is apparently due to the effect of a 
low concentration of plasticizer in lowering 
the internal viscosity. A tendon or a muscle 


p 246), a 








- Time 


Figure 35. ‘ Latency relaxation’ 


in tendons. Tracings from kymo- 
graph records of the behaviour of 
a ‘ regenerated’ tendon loaded in 
water, to which a solution of mer- 
cury-potassium iodide is added 
gradually, beginning at the 
moment marked by the arrow. The 
initial load is increased from the 
upper to the lower tracing. All 
read from right to left 


loaded with a small weight during rest will 
elongate very slowly. As the concentration of 
plasticizer increases, the rate of elongation 
will increase, until the concentration reaches a 
point at which the equilibrium load is greater 
than the applied load, when contraction begins. 
In muscle the concentration of plasticizer rises 
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very rapidly so that relaxation is short lived and difficult to observe, 
but in the model the rate of increase of plasticizer concentration can 
be made very slow so that the effect is easily observed (Figure 35). 
The explanation of the mechanism of latency relaxation implied in 
this model is in general agreement with Sandow’s own suggestion that 
it is related to the relaxation of myosin threads on the addition of 
ATP (ENGELHARDT®!). The only other explanation which has been 
proposed is that of ScHOEPFLE and GiLson®?, who suggest that relaxa- 
tion may be due to ‘a compression wave following the sudden shock 


which attends tension development ’ 


ACTION OF ADENOSINE TRIPHOSPHATE 
ON MUSCLE PROTEINS IN VITRO 

The effects of Arp on muscle proteins in vitro are like those of mercury- 
potassium iodide on gelatin, and agree well with the kinetic hypothesis. 
Actomyosin gels in 0-6M KCI liquefy if arp is added (SzeEnt GyOrGyYI"®). 
When arp is added to solutions of actomyosin there is an immediate 
decrease in viscosity, followed by a recovery to the original values as 
the ATP is hydrolysed (Datnry et alii®*).. From measurements of the 
scattering of light by the solution, MomMaAgrrRts** comes to the con- 
clusion that the fall in viscosity is due to dissociation of the actomyosin 
rather than to contraction of the micelles, but JoRDAN and OsTER®?, 
using a similar te hnique, come to the opposite conclusion. Ac cording 
to Mommaerts®® hydrolysis of the Arp is not an essential part of the 
process, as the fall in viscosity occurs just the same if the enzymatic 
activity of the actomyosin is poisoned with copper. Surface films of 
actomyosin expand on the addition of arp (MuUNCH-PETERSEN®’). 

These changes all seem to indicate a decrease in the strength of 
intermolecular attractions, like that which occurs in solutions of 
synthetic high polymers on the addition of a plasticizer; as against 
this Szent Gy6érgyi has described the syneresis of actomyosin gels in 
dilute solutions of electrolytes when arp is added. This might perhaps 
be fitted into the picture if it is supposed that by combining with the 
protein, the arp diminishes its affinity for water; it has already been 
shown that the effect of mercury-potassium iodide on tendon or 
gelatin is not to cause extreme swelling. It is doubtful whether any 
large changes in water content are involved in muscular contraction 
in vivo. 

ENGELHARDT, LyuBimova and MerTINA® applied atp to extruded 
myosin filaments which still retained some enzymatic activity, and 
showed that it made them more extensible. This has been taken as 
evidence that ATP is concerned with relaxation rather than with 
contraction (ENGELHARDT) ®*!, but the conclusion does not follow. The 
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degree of molecular orientation to be expected from extruded filaments 
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